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L SUMMARY

' A. Introduction
This Annual Report details a 7-=gram of research on composite spinel
ceramic materials with enormous specific heat maxima in the temperature range

S-20 K carried out by CeramPhysics, Inc,, Ohio State University, Pennsylvan:a

State University, and West Virginia Umversity. In this section the main
advances and accomplishments of the year are summarized and the organization
of the rest of the report outlined.

. We start with a brief review of the interpretation of these spinel materi-
als developed in our previous research. The results obtained so far have
suggested an attractive picture for the ordering phenomena in the B-site
spinels, CdCr;04 and 2ZnCr;04. The results have shown ihat at least two types
of magnetic correlations are present, antiferromagnetic and paraxagretic, and
that frustration and the presence of strong spin-lattice coupling play an
important role in the anomalously large specific heats and thermal conductivi-

N ties.

1 A basic examination® of the structure of the spinel phases of CdCr,04 and

ZnCr,0, revealed an interesting pattern among the B-site spinels, suggesting

that additional systems of considerable interest might be made by filling in a

table of materials constructed by replacing the A-site atom (Zn or Cd) by

1soelectronic atoms or mixtures of atoms. In addition th~ transitions 1in
these materials were seen to have a pecguliar nature in which the spins order

! weakly in a lattice which has a high degree of frustration. This has great
importance for our understanding of these systems, since 1t means that large

Y numbers of spins can remain unordered below the transitiova, resulting in

anomalously lar~~ -~necific heats, and furthermore, that distortions of the

-1-
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T A6 24
¢21f~7 seems to, indicate antiferromagnetic ordering. Measurements have also K5
discovered an amazing anomaly in the dielectric constant at the anti- Pt
ferromagnetic transition. X

The susceptibility meaNurements on the pure spinel powder reveal no :\

low temperature paramagnetic’ Curie tail, implying that all the spins are ;:

well ordered by T = 0.2 T,. On the other hand the grains reacted with 107 <~
columbite reveal a low temperature paramagnetic tail. Comparison of the ‘o

measured susccptj_ility with a mean-field Currie-Weiss law above TV’ and a

Curie law at low'téﬁbtrature seems to imply that, at low temperatures at N
least, the number of paramagnetic spins N is a small fraction of the §\
anti~-ferromagnetic spins Naf’ of order 1%Pin the cCd spir-1 and 0.1% in the %0

Zn spinel. b
Theoretical Monte Carlo calculations have found that the spinel N

lattice with spins only at the B sites has a magnetic transition at a S

relatively low temperature. The magnetization is linear in field in good .
agreement with experiment. The calculated low field susceptibility shows a :{
modest cusp at an ordering temperature T, = J, where J is the nearest 0
neighbor anti-ferromagnetic exchange interaction. -
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lattice, which remove the frustration, can couple strongly to the spins, thus

leading to dielectric anomalies and large thermal conductivities due to spin

energy being transported through the spin-phonon interaction.

B. Current Work
Recent and interesting new work has been done under this proposal on the
properties of the B-site spinels, CdCoy04 2nd ZnCo,04. In this summary, we we

focus on 1) recent advances in the fabrication and structural characterization

of various ceramic phases of CdCo20, and 2ZnCo04 (section III), 2)
experimental research on the magnetocaloric properties of the B-site spinels
and the experimental discovery of a significant dielectric anomaly at Ty,
which reveals a novel coupling of the spin and 1lattice (section IV), 3)
experimental work on the magnetization and susceptibility which reveal an
antiferromagnetic transition at Ty = 6-11K (section V), 4) theoretical results
for a) the properties of the ideal spinel lattice and b) the properties of the
tetragonally distorted lattice obtained from Monte Carlo computer simulations
on the frustrated spinel spin lattice (section VI), and 5) an overall picture
for the phenomena occurring in these fascinating materials which integrates
the numerous results listed above (section VII). We describe each of these

accomplishments in more detail in the following:

1) Significant progress in characterizing and controlling the fabrication
of the spinel materials CdCo,04 and ZnCo,0, has been made. Pure powders,
compacted disks, as well as the 9/1 columbite composite have been made and
characterized. The fabrication experiments in section III give clear evidence
that the spinel powder of nominal grain size 10 microns reacts with the
columbite component to produce paramagnetic spins at low temperatures. The

same ceramic material can be made in several different ways, with about 10X
-2-
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addition of the columbite phase. SEM evidence indicates that the spinel and

columbite phases remain distinct, forming a composite of the two different

substances, with grain sizes of order 10y, consistent with earlier thermody-
namic determinations at CeramPhysics.

2) The magnetocaloric experiments reported in section IV reveal no trace
of hysteresis, which means that the phenomena involved in the low temperature
transitions in the Zn and Cd spinels must involve second order transitions.
Adiabatic demagnetization cooling above Ty and also at low temperatures is
indicative of paramagnetic spins, while a region of demagnetization heating
Just below Ty seems to indicate antiferromagnetic ordering. These results are
consistent with the thermodynamic relation which requires that the sign of the
temperature change (heating or cooling) upon adiabatic demagnetization depends
on the sign of the temperature derivative of the susceptibility. Measurements
have also discovered an amazing anomaly in the dielectric constant at the
anti-ferromagnetic transition. This data clearly shows that the ordering of
the frustrated spin system has an enormous effect on the structure of the
lattice. We recall that the pattern in the B-site spinel single crystals is
toward a slight tetragonal distortion of the high temperature cubic phase
below the magnetic transition.® We know of no other case of such a strong
coupling between the magnetic and the lattice degrees of freedom in any
material. The present measurements are the first to find an anomaly at low
temperatures. A theory was developed (section VI) which gives both a qualjta-
tive explanation as well as quantitative agreement with this anomaly.

3) The susceptibility measurements described in section V on the pure
spinel powder reveal no low temperature paramagnetic Curie tail, implying that
all the spins are well ordered by T 2 0.2 Ty. On the other hand the grains
reacted with 104 columbite reveal a low temperature paramagnetic tail. Compar-

ison of the measured susceptibility with a mean-field Curie-Weiss law above

-3~
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: TN, and a Curie law at low temperature seems to imply that, at low tempera-
)
\)
:: tures at least, the number of paramagnetic spins Np is a small fraction of the
" anti-ferromagnetic spins N,¢, of order 1% in the Cd spinel and 0.14 in the Zn
5
L
94 spinel.
‘
'“: 4) Finally, the theoretical Monte Carlo calculations reported in section
A V1 have found that the spinel lattice with spins only at the B sites has a
;: magnetic transition at a relatively low temperature. The magnetization
;, is linear in field in good agreement with experiment. The calculated low
» field susceptibility shows a modest cusp at an ordering temperature Ty % J,
g
:'; where J is the nearest neighbor anti-ferromagnetic exchange interaction.
Y
(v
b In conclusion, it is clear that a wide variety of experimental and theoretical
“~
: work on the frustrated B-site spinels, CdCrp0, and ZnCr,04 has begun to
‘o
{
:’ produce a coherent picture for the very interesting behavior of these systems.
- A magnetic transition of anti-ferromagnetic character, incomplete ordering of
“
.;: the spins, and strong coupling to the lattice degrees of freedom are all well
\.
: established. Further work is required to pin down the origins and parameters
’:n
J-_'
-
;: of these novel phenomena.
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II. INTRODUCTION AND BACKGROUND

In the late 70's, Wright Patterson AFB began funding a
series of applied programs aimed at developing dielectric
insulation systems incorporating enthalpy stabilization for the
superconductors NbTi and Nb3Sn (WPAFB Contracts #F33615-80-C-
2202, -82-C-2227, -82-C-2229, and -84-C-2418). These programs
were based on new materials which are two-phase, spinel +
columbite ceramics and which sinter at ~ 1300°C. The columbite
phase, although minor, must be present for the spinel phase to
densify, and these ceramics have huge specific heats at low
temperatures.

In the Summer of '83, research on the physics of these new
materials was begun by CeramPhysics, Inc. and the Physics Dept.
at the Ohio State Univ. under a subcontract to AFOSR Contract
#r49620-82-C-0129. This research is summarized in Eckels et al.
(1985), and this Annual Report documents the continuation of this
research by CeramPhysics, Inc., Ohio State Univ., Pennsylvania
State Univ., and W. Virginia Univ.

The columbite mineralizers CdNb206 and ZanZOG must be
present for the spinels CdCr204 and ZnCr204 to densify in the
ceramic, and the optimum spinel:columbite molar ratio is 9:1.

The thrust of the previous research has been to understand the
enormous specific heat maxima in these spinels at low tempera-
tures rather than the ceramic-formation phenomena.

Specific heat data, 1.5-40 K, were measured on these 9:1
ceramics and on ceramic samples of the CdNb206 and Zan206
mineralizers over broad temperature ranges. Next, the specific
heats of the columbites were fitted to Schottky and Einstein
functionals, and these fitted data were then used to correct the
9:1 ceramics specific heat data to determine the specific heats
of the spinel phases.

The separated specific heat data for the CdCr O4 and ZnCrZO

2
spinels are shown in Fig. 2-1(a) where the data are plotted as

4

C/T3 to illustrate the non-Debye contributions at the lowest
temperatures. We point out that these specific heat maxima are

LA




equivalent to the specific heat of water at room temperature;
hence, the applied interest in enthalpy stabilization.

These specific heat data were decomposed into Debye,
Schottky, and magnetic contributions, and the entropies of these
contributions in CdCr204 are shown in Fig. 2-1(b). These contri-

4
10
10°
[: 1
- 100
y 3 C
_._x 10 i 1'1(51
)
g -~ 104_-_—
s "« L -
o\ “a L 10
-~ ™ [« 4
© g 18 — 3
2 ~ - 1 3
10 v .t Debye _:1’0
10° - (8-420K) 7
- 1.4
| —10
10 A A | llllll A lxlxl;ll
10 1 1 )or gl 1 | 02 a5 1 5 1© 20 20
2 5 10 20 0
T(K) T (K)

(a) , (b)
Figure 2-1. (a) Specific heats of the new spinels; (b)
Contributions to the specific heat of CdCr204.

butions were determined by the following procedure based on the
data in Fig. 2-1(a):

1. The high-temperature data [i.e., T>2TN, where TN is the
peak temperature in Fig. 2-1(a)] were fitted to the
general Schottky term, and these fittings yielded the
Debye temperatures, OD = 420 and 463 K for the cadmium
and zinc spinels, respectively. These eD - values are in
excellent agreement with predictions of the Lindemann
relation.

2. The low~-temperature data (i.e., T<TN/2) follow a Schottky
term very well with two-level splittings of 0.33 and 0.37

K for the cadmium and zinc spinels. However, these fits

AT AN MRS RN RN O AT AR Y
AR R N A R W T A SO G,




yielded unrealistically small eD's (e.g., ~ 100 K), and

3 it was concluded that antiferrimagnetic spin waves are

contributing a T3 term which is indistinguishable from
y the T3 Debye acoustic background.
v 3. Adopting the more realistic Debye temperatures allows a

determination of the spin-wave parameters,

1/3 -16

5.94x10 erg (CdCr204)
-16
9.65x10 erg (ZnCr204)

L}
J s/ca

Faa’e e

4. Finally, the determination of the parametric data above

.
a

allows the separation of the specific heat contributions
and, by integration, the entropy of these contributions,
as illustrated in Fig. 2-~1(b). The magnetic entropies of

SN Ml

the two spinels determined from these analyses are

2.340 (CdCr
1.434 (ZnCr

SM/R 204)

294)

-
=
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(a) (b)
Figure 2-2. Thermal Conductivity data on the spinels, (a)

-
-

As a function of temperature; (b) In magnetic fields.
Here C(9/1) and D(9/1) refer to the Cd-and Zn-spinels,
. respectively.
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The thermal conductivities of the spinels display "jumps"

associated with the (antiferrimagnetic) transitions as shown in
2-2(a).
was measured just below TN’ and these data are shown in Fig.
2-2(b).

in CdCr,O

274
schematically by the dashed curve in Fig.

Fig. The magnetic-field dependence of these anomalies

Surprisingly, the anomaly in ZnCr204 is unaffected, but
a magnetic field "quenches" the anomaly as shown
2-2(a).

thermal conductivity in CdCr204 is = 0.23 mW cm—l

This excess
K-l

, or roughly

half the zero-field thermal conductivity at 5 K.
By far the most intriquing measurements previously made on

the spinels have been the magnetocaloric measurements at T<TN/2.

Both spinels display adiabatic-demagnetization cooling and

adiabatic-magnetization heating, and these caloric effects are
perfectly reversible. The measured AT data up to 10 T are shown
2-3,

because the specific heats of these spinels are large at 3-5 K.

in Fig. and we point out that these are very large effects

1— 1
L coneo/1) ZCN(9/1)
- -
- -
(1) = 25K _ (T)s 316 K
5 o
x osf{— $ osl
=1 W
v . < -
M
| - {T)+4.52K
i (TY= 448K i
i 1 1 l 1 11 1 J S S S | 441 1 1 i 1 J
0O 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
H(T) H(T)
Figure 2-3. Reversible magnetocaloric effects in the new

spinels at T<TN/2. Here CCN(9/1) and ZCN(9/1) refer to the

9:1 spinel + columbite ceramics.

The measurements in Fig. 2-3 led naturally to measurements

of the magnetization of the spinels at 4.2 K, and these data are

shown in Fig. 2-4. Here it was found that both spinels act as
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perfect paramagnets and display no hysteretic effects.

A self-consistent picture began to emerge from these
measyrements: Namely, the specific heat peaks in Fig. 2-1(a)
appear due to an antiferrimagnetic spin ordering as evidenced by
the T3 antiferrimagnetic spin-wave contribution below about 3 K.
These ordered spins do not affect

the magnetization, Fig. 2-4. How- 1or
ever, several degrees of freedom :— 42K
remain below TN’ and these para- "
magnetic spins cause the reversi- " CONCO/ 1)
ble magnetocaloric effects. o °r

Actually, there is competition g or
between the ordered spins and the z -
disordered spins in the magneto- 3 "H,ff’/
caloric effects because the former 2 “fll,f” ZCN(9/1)
spin system would show demagnet- -
ization heating, the latter system, o *?f‘:' i‘: ‘i‘ l‘:‘Li
demagnetization cooling. There may : H (T
be different spin-phonon relaxation Figure 2-4. Magnetiza-
rates involved which cause the do- tion data at 4.2 K on
minance of the latter effects assoc- the new spinels.

iated with the paramagnetic spin
system.
It is puzzling that both the specific heat maxima at Ty and

the magnetocaloric effects below T, are so large (i.e., the

N
energetics associated with these phenomena are very large, ~

0.1-1 J/qg).
A very simple approach was tried theoretically here; namely,
a two-spin model where some fraction of the Cr3+ spins partake in

the antiferrimagnetic ordering at T the balance of the spins

N'
remain unordered, and coupling between the spin systems is
ignored. Using s = 3/2, it was found from the magnetic entropy

Sy above that 84 and 52% of the spins order at Ty in CdCr,04 and

M
ZnCr,0,, respectively. From the spin-wave specific heat contri-

butions above, we have for the exchange constants,
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A J/k = 3.42, CdCr204,
5 = 4.72, znCr,0,.
$ From the Schottky specific heat terms well below Ty, we find for
\ the two-level splitting,
" 6 = 0.59 K, CdCr,0,,
X = 0,37 K, ZnCr,0,,
- where these terms are ascribed to the unordered spins.
E This simple model yields reasonable parameter values from
S, the specific heat data, but the model cannot explain the magnetic
; properties. From the magnetization data, Fig. 2-4, the model
s indicates that the spin densities in CdCr204 are three times
b larger than in ZnCr204, but the magnetocaloric data indicate just
< the opposite from this simple model.
The more basic theoretical approach started with a basic
: examination of the structure of the spinel phases of CdCr204.
i This study revealed an interesting pattern among the B-site
% spinels, which suggests that additional systems of considerable
- interest might be made by filling in a table of materials con-
3 structed by replacing the A-site atom (Zn or Cd) by isoelectronic
4 mixtures of Cu and In, or Ag and In. In addition, the transi-
X tions in these materials were seen to have a peculiar nature in
i which the spins order weakly in a lattice which has a high degree
% of frustration. This has great importance for our understanding
- of these systems, since it means that large numbers of spins can
N remain unordered below the transition, resulting in anomolously
> large specific heats and magnetocaloric effects. Furthermore,
.ﬁ distortions of the lattice, which remove the frustration, can
’ couple strongly to the spins, thus leading to large thermal
P conductivities due to spin energy being transported through the
; spin-phonon interaction.
i The first attempt to understand the theoretical properties
of these systems was to derive the Hamiltonian describing the
R interaction of the spins on the spinel lattice sites. From this
WY
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we extracted a simple model in which we kept only two possible
sublattice magnetizations, an antiferromagnetic one which orders
at the transition, and a ferromagnetic one coupled to it, which
is polarized in a magnetic field, giving rise to spin-flop like
effects. In the mean-field approximation, this model already
gives interesting effects, including a temperature dependent
magnetization linear in field and a magnetic field dependent
specific heat which increases with field. These results are in
good qualitative agreement with the experimental data and confirm
the basic correctness of our approach. The next step was to
examine the renormalization effects due to fluctuations, which
led to the novel feature that the non-ordering spins give rise to
a large contribution to the specific heat even well below the
ordering temperature of the antiferromagnetic spins. This is not

possible in a simpler system with only one order parameter, again
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(a) (b)
Figure 2-5. Example of theoretical fits to specific heat
(a) and thermal conductivity (b) data for ZnCr,0,.

suggesting our model has correct general properties. Detailed
results were obtained in the gaussian fluctuation approximation
for the specific heat as a function of temperature and magnetic
field both above and below the transition. Finally, a theory for
the thermal conductivity in this class of materials was de-
veloped. The thermal conductivity depends on both the specific
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heat and the scattering rate, which we showed involved, in addi-

tion to the usual phonon and antiferromagnetic spin wave contri-

o, oty Ny

butions, a spin fluctuation term which limits the thermal con-

ductivity in the vicinity of the transition. Fits were made to
the specific heat and thermal conductivity data using the same

, set of fitting parameters, which revealed that the peak in the

¢ thermal conductivity at the transition arises from the peak in

the specific heat, but that it is typically a factor of about

4
! three smaller due to the spin scattering at the transition. An
; example of the theoretical fits for the ZnCr,0, spinel are shown
in Fig. 2-5.
The research reported in this Annual Report was based on the
E above experimental and theoretical findings and represents a
: continuation of this previous research.
N Our broad goals in the present research are as follows:
p. l. To investigate the ceramic formation of these new spinel
5 + columbite materials (i.e., Why must the columbite
:. phase be present for densification?) and to explore
: ceramic fabrication of the pure spinels (Pennsylvania
State Univ.).
2. To extend the magnetocaloric measurements of Fig. 2-3
'j over broad temperature ranges for both the spinel +
| columbite ceramics and for the pure spinel ceramics
N (CeramPhysics).
. 3. To extend the specific heat measurements of Fig. 2-1 to
r. the pure spinel ceramics (CeramPhysics).
. 4. To measure magnetic susceptibility data on these
a materials over broad temperature ranges and in magnetic
- fields (W. Va. Univ.).
3 5. To pursue EPR measurements, including electron nuclear
. triple resonance measurements, on these spinel systems
- (W. Va. Univ.).
ls 6. To pursue Monte Carlo simulations of the spinel lattice,
‘N including frustratin and variable boundary conditions,
: and to couple these calculations to Ginzberg-Landau
theory. Renormalization group theory will be employed
Y
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III. CERAMIC PREPARATION STUDIES

3.A Introduction

A key to the understanding of the thermal, dielectric, magnetocaloric,
and magnetic susceptibility measurements performed in this program is the
crystal chemistry and ceramic fabricatfon of the CdCr,0, and ZnCr,04 spinel
materials. A portion of this program was devoted to this topic. In earlier
CeramPhysics studies, it was found that dense ceramics of the CdCr,04 or ZnCr,04
spinels could only be fabricated by the addition of at least 10 mole percent
of the respective (CdNb205 or Z“Nb2°6) columbites. Ceramic compositions with
various spinel/columbite ratios were the basis of earlier studies. Several
of these existing ceramic samples were thoroughly characterized by x-ray
diffraction and scanning electron microscopy, in order to better understand
the crystal chemistry of these materials. It was hoped that if an understanding
of the crystal chemistry and densification mechanisms of the spinel-columbite
ceramics could be obtained, fabrication methods could be established to allow
for the preparation of more phase-pure spinel ceramics, with improved thermal
properties. Ceramic preparation studies were also performed in order to prepare
dense samples of the pure spinel ceramics. These efforts were aimed at
supplying improved ceramic samples for thermal and :iagnetic measurements.

3.B Spinel-Columbite Ceramics (CeramPhysics Samples)

3.B.1 X-Ray Diffraction Studies

X-ray diffraction and SEM studies were performed on previously
synthesized spinel-columbite ceramics (both calcined powders and sintered
disks) with spinel/columbite ratios varying from 1/1 to 11/1. X-ray diffraction
results are presented in Table 3.1; the phases found for each of the samples
are listed in order of decreasing relative amount. The results for the
CdCr,04/CdNby0g samples (Table 3.1a) confirmed the multi-phase nature of these
ceramics. With low ratios ({5/1) of spinel to columbite, the major phase in
the ceramic was pyrochlore CdyNb,0,, with lesser amounts of spinel CdCr,04,
columbite CdNb,Og, and Nby,Og. As the spinel/columbite ratio increased, the
amount of pyrochlore decreased, and the amounts of spinel and columbite
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increased. Spinel CdCr204 was the dominant phase with spinel/columbite ratios
of 5/1 and greater. With high spinel/columbite ratios (9/1), the pyrochlore
phase was not observed.

X-ray diffraction patterns of the ZnCr,04/ZnNb,0g samples (Table
3.1b) were much simpler. Spinel ZnCr,04 was the dominant phase for all of
the ceramics (ratios of 3/1 to 9/1). Columbite ZnNb,Og phase was the only
other phase in these samples (except for a trace of excess Nb,0g detected in
the 5/1 sample. The amount of columbite decreased as the spinel/columbite
ratio was increased, as expected.

Additional ceramic samples were studied by x-ray diffraction, and
gave interesting results. The compositions were CdgZn;Cr,oNbsOs, and
Cd7Zn5Cr20Nb4052; the intent here was to form a 50/50 solid solution of CdCr,04
and ZnCry04 spinels, witha 10 percent mineralizer of the ZnNb,0g and CdNb,0g
columbites, respectively. As shown by the data in Table 3.1c, the spinel solid
solution was not formed. For each composition, the same three phases were
formed: spinel InCry04, columbite Cdszos, and CrNbO4. This suggests that
the ceramic s01id solution of these two spinels will be difficult (if not
impossible) to fabricate.

3.B.2 Microstructure

X-ray diffraction of the CeramPhysics samples revealed that most of
the ceramics consisted primarily of two phases, the respective Cd or Zn spinels
and columbites. SEM backscattered and x-ray fluorescence analyses of the
sintered ceramic sample of the 5/1 CdCr204/CdNb206 composition are presented
in Figure 3.1. The SEM (backscatter mode) micrograph (Figure 3.la) reveals
the coexistence of two phases, with the major phase being 1ight in contrast
and a minor phase evident as round, greyish spots, which appear to be
precipitates. X-ray fluorescence analyses (Figures 3.1b, c, and d) indicate
that the major phase is rich in Cd and Cr, and is probably the CdCrpg spinel
phase. The grey areas are rich in Nb and deficient in Cr, suggesting that
this phase is CdNb,0g.

The microstructure of the ZnCr,04/InNb,0g samples were studied by
both optical and scanning electron microscopy. Optical microstructures of
polished faces of three sintered ceramic disks with spinel/columbite ratios
of 3/1, 5/1, and 7/1 are presented in Figure 3.2. Two types of microstructures
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are clearly indicated, with a core-like structure at the center of the disks.
It is important to note that the core size increases with decreasing
spinel/columbite ratio. Higher magnifications of the 7/1 sample were studied
by SEM, and are shown in Figure 3.3. The SEM (backscatter mode) micrograph
(Figure 3.3a) revealed that both the outer ring and inner core are composed

of two phases, evident as grey (low contrast) and 1ight (bright contrast)
areas. The outer ring is composed primarily of the grey areas with isolated
regions rich in the 1ight phase. The inner core is also composed of a mixture
of the of two phases, but with a finer distribution than the outer ring. X-
ray fluorescence revealed that the samples are uniform in Zn (Figure 3.3b),
the 1ight areas are rich in Nb and deficient in Cr (Figure 3.3c), and the

grey areas are rich in Cr and deficient in Nb (Figure 3.3d). These results
suggest that the inner core is composed of a fine mixture of the ZnCr,04 spinel
and ZnNb,0g columbite phases, whereas the outer ring is rich in spinel with
isolated columbite-rich regions.

3.8.3 Infitial Conclusions

The XRD and SEM characterization studies on the CeramPhysics
spinel/columbite ceramic samples revealed contrasting phase constitutions and
microstructures between the Cd and Zn spinel/columbite compositions. Hoewever,
the results these studies did not offer any conclusive evidence as to how the
columbite affects the sintering behavior of the spinel ceramics, or why it is
necessary to enhance densificatiori. Further studies were thus warranted.

3.C Ceramic Studies (Penn State)

3.C.1 Pure CdCr2947and ZnCrzg4‘Sp1ne]s

In order to understand how the additions of the columbites (CdNb206
and ZnNb,0g) were necessary to densify the respective CdCr,04 and ZnCr,04
spinel ceramics, the single phase spinel ceramic powders were fabricated and
sintering studies were performed. Reagent grade oxides (CdO, ZnO, and Cr203)
were batched to the stoichiometric spinel compositions, vibratory milled in
nalgene jars with alcohol and zirconia grinding media, and dried. Samples of
the two spinel compositions were calcined at various temperatures, and x-ray
diffraction was used to monitor the formation of the spinel phase. It was
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found that the CdCr,04 spinel was formed by calcination at 950°C for four
hours, while the formation of the ZnCry04 spinel required a calcination
N temperature of 1050°C.
Disks were prepared from the two spinel powders, and a sintering

EE study was performed. The disks were placed on zirconia setters and sintered
- at various temperatures for one hour. The results of this sintering study
ﬂ: are presented in Table 3.2. It was found that neither of the two spinels
could be densified to near their theoretical densities of 5.79 and 5.30 g/cc,
- for CdCr,04 and ZnCr,04, respectively. The maximum densities achieved for the
:S the spinel samples were 4.4 g/cc (76 percent of theoretical) for the CdCr,04
’: spinel ceramic sintered at 1290°C, and 3.8 g/cc (72 percent of theoretical),
2 for the ZnCr,04 spinel ceramic sintered at 1650°C. It was interesting to note
S’ that below 1350°C, the fired disks experienced a weight gain of between 1 and
f‘ 2 percent. The origin of this weight gain is yet unknown, as the fired disks

~i remained single phase spinel by XRD. For sintering temperatures above 1350°C,

X weight loss due to volatilization of CdO or Zn0 was observed; the weight loss

- was very pronounced in the CdCr204 spinel sample sintered at 1350°C and was
accompanied by a substantial decrease in density. Such weight loss is typically

N expected, as both Zn0 and especfally CdO are volatile at these high

- temperatures.

:E The inability to densify the two spinel ceramics can be attributed
ij to the volatilization of CdO and ZnO at the high sintering temperatures that
.

are required for these spinel ceramics. If the volatilization of CdO or ZnO

could be prevented, then densificatfon of the ceramics would occur. In order

. to prevent weight loss, the spinel disks were sintered in a CdO- or Zn0O-rich

. atmosphere, by burying the disks in a sintered powder (or sand) of their own

g composition. For the ZnCr,04 samples, this technique was effective in
preventing Zn0 loss, and dense ceramics (90 percent of theoretical) were
achieved, although extremely high sinterinc temperatures (1600°C) were required.

S The SEM microstructure of a 90 percent dense InCr,04 sample, sintered at 1600°C

i for four hours, is shown in Figure 3.4, and compared with the SEM microstructure

) of the analagous Zn spinel/columbite (9/1) sample sintered at 1350°C. The

grain structure size of the 1600°C sintered InCr,04 sample was non-uniform

but with a large grain size (4 to 12 microns); conversely, the Zn

spinel/columbite (9/1) sample had a much more uniform microstructure and smaller

grain size (about 1-2 microns).
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Sintering the CdCr,04 spinel disks using the “sand" method to control
CdO loss was effective, but no appreciable difference density was achieved.
However, with a sintering temperature of 1350°C, the weight .oss was reduced
from 13 to less 1 percent. The "sand" technique was ineffective for preventing
CdO loss with sintering temperatures above 1350°C, and resulted in lower
densities. Thus, dense samples (90 percent of theoretical) of CdCr,04 could
not be prepared. The SEM microstructure of the CdCr,04 sample sintered at
1300°C for 0.5 hours in a CdO-rich atmosphere is compared with that of the
analagous Cd spinel/columbife (9/1) sample, in Figure 3.5. The CdCr,04 sample
had a uniform microstructure with a grain size of about 2 microns, and a
significant amount of porosity. The Cd spinel/columbite (9/1) sample had a
non-uniform microstructure with grain sizes ranging from 4 to 8 microns, but
with less porosity.

3.C.2 Modified Spinel Compositions

Stoichiometry and/or other compositional variations often are
important factors in determining whether a particular ceramic powder will
densify. A study was undertaken to determine whether compositional
modifications would affect the sintering behavior of the spinel ceramics. It
was hoped that the results of this study would improve the understanding of
how the columbite additions enhance the sintering in these spinels.

Various compositional modifications were made to the pre-calcined
spinel powders. After additions such as €dO, ZnO, or Nb,05 were mixed with
the appropriate spinel (by vibratory miliing followed by drying), disks were
prepared and sintering studies were carried out. Sintering results (weight
loss and density) and x-ray diffraction data are presented in Table 3.3.

Note that when both CdO and Nb,0g, or Zn0O and Nb,0g, were added simultaneously,
the amounts corresponded to an addition of 10 mole percent columbite. As
shown by the data in Table 3.3, excess additions of ZnO to InCr,04, or CdO to
CdCr204, did not enhance densification. However, enhanced densification was
achieved in all cases of excess Nb,0g, regardless of whether ZnO or CdO was
also added. For the case of InCrp04, a 1 weight percent addition of Nb,0g was
sufficient to fmprove the densification of the spinel ceramics, whereas a 10
mole percent addition of columbite corresponds to more than 13 weight percent.
The best density were achieved with a 5 weight percent Nb,05 addition (4.95
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g/cc (93% of theoretical). For the case of CdCr,0,, a 5 weight percent Nb,05
addition resulted in a sintered spinel ceramic with a density of 5.0 g/cc.
It was found that if CdO loss was prevented, by using a closed crucible and a
CdO-rich atmosphere source powder (CdCr,0, sand), further densification to
5.3 g/cc (91% theoretical) could be achieved.

X-ray diffraction data of the sintered samptes of the ZnCry04 spinel
with the various Zn0 and/or Nb,Og additions indicated that the major phase
" was spinel, and a trace amount of columbite ZnNb,0g was detected. For the case
b of CdCr,04 spinel with additions of CdO and/or Nb,0g, the spinel was again
the major phase, but minor amounts of several other phases were detected:
columbite CdNb,Og, pyrochlore CdyNb,04, CrNbO4, Cry03, and NbyOg5. The
microstructures of sintered disks of the Cd and Zn spinels with 7 percent

gb’
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¥
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E; additions of Nb,Og, are presented in Figure 6. The microstructure of the
§ CdCr,04 spinel sample indicated a larger grain size than the InCrp04 sample,
L though bith samples displayed non-uniform grain structures, with grain sizes
ranging from 1 to 5 microns.
It is likely that the mechanism responsible for enhanced densification
., of the spinel ceramics caused by excess Nb,05 is identical to that of the
- columbite additions. Although there are no existing phase diagram data for

the CdCr,04 and InCr,0,4 systems, a possible explanation for the enhanced

- sintering can be inferred from existing phase diagrams of the Cd0-Nb,05 and

- Zn0-Nb,0g systems. These phase diagrams are shown in Figure 3.7. Liquid

< phases are present in the CdO-Nb,05 system at temperatures as low as 1350°C,
and in the Zn0-Nb,0g system at temperatures below 1300°C. It is possible

that the presence of chromium further reduces these liquidus temperatures.

The presence of a 1iquid phase at temperatures in range where a liquid phase
is present would suggest that the NbyOg enhances the sintering of the spinel
ceramics through a 1iquid-phase sintering mechanism. It is unfortunate that
no phase diagram data exist for either of the sp1ne1-Nb205 systems. To verify
the existence of a liquid-phase sintering mechanism, differentifal thermal
analysis (DTA) was carried out on a sample of CdCr,04-9%Nb,05 powder. The

DTA pattern is presented in Figure 3.8. An endothermic peak was observed at

a temperature of 1297°C, confirming the presence of a 1iquid phase at this
temperature. This endothermic peak was not observed in pure CdCr,04 powder.
This result strongly suggests that liquid-phase sintering is the mechanism
whereby the Nb,Og (or columbite) enhances the sintering of the spinel ceramics.
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ﬁ 3.0 Summary of Results of Ceramic Studies
N The results of the ceramic studies performed in this investigation
- are summarized below:
e
'j 1) X-ray diffraction and microstructural analyses of the original
y CeramPhysics ceramics with various spinel/columbite ratios were performed.
Different microstructures were observed between the Cd and Zn analogues of
- the spinel/columbite ceramics.
L,
3 2) Pure CdCr,04 could not be densified (in air) to greater than 80% of
2 theoretical, because of excessive CdO loss. The densification did not
») improve significantly when CdO loss was limited by sintering in a CdO-rich
. atmosphere. It was also impossible to densify pure ZnCr,04 by sintering
. in air, due to ZnO volatilization. However 90 percent dense ZnCr,0, ceramics
N with large grain size (about 10 microns) could be prepared by sin%ering at
*: 1600°C in a ZnO-rich atmosphere.
o,
3 3) Densification of the ZnCr,04 ceramics could be improved by a one weight
s percent, instead of the 13 we?ght percent columbite (ZnNb,0g) addition
3 that has previously been used. Similarly, CdCr,04 ceramics could be
N densified by a 5 weight percent addition of Nb265.
‘#iGY
*: 4) The improved sintering behavior caused by the columbite or Nb,0
) additions was the result of a liquid phase, which appears to be present.
e This conclusion is supported by incomplete phase diagram data which suggest
the presence of low-temperature eutectics in the CdO-Nb,0g and Zn0-Nb,0s
N systems.
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Table 3.la
L .
3 X-ray Diffraction Analysis of Spinel:Columbite Composition.
e, (CdCr,04) :CdNb,0g) - CeramPhysics
Composition Phases Present
': CCN (1/1) Cd,Nb,04 (Pyrochlore), Spinel,
2 (#592) Columbite, Nb,04
\
. CCN (3/1) Pyrochlore, Spinel, Nb,Os
(cal. powder
. 1050°C-2hr)
: CCN (5/1) Spinel, Pyrochlore, Columbite,
! (#571) Cry04
g
CCN (7/1) Spinel, Pyrochlore, Columbite
"l (#563)
' CCN (9/1) Spinel, Columbite, Pyrochlore
| (#312+6.75% Fe)
CCN (9/1) Spinel, Columbite, Cr,0,
(#352)
2 CON (11/1) - Spinel, Cr,0;, CdO, Columbite
\ (CPI-13 powder) (Note: incompletely reacted)

- Note: All samples were sintered disks unless
otherwise stated.
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Table 3.1b

N . X-ray Diffraction Analysis of Spinel:Columbite Compositions.
) (ZnCr204:Zan206) ~ CeramPhysics

L #

Composition Phases Present

e ZCN (3/1) Spinel, Columbite
. ' (#251)

ZCN (5/1) Spinel, Columbite + Trace Nb,0s
(#302)

R ZCN (7/1) Spinel, Columbite
N (#301)

s: ZCN (9/1) Spinel, Columbite
(#559)

: ZCN (9/1) Spinel, Columbite
(#557)
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y Table 3.lc
: X-ray Diffraction Analysis of Solid Solution Spinel:Columbites.
s
.‘ Composition Phases Present
ol
v Cd52n7Ct20Nb4052 ZnCr204 Spinel, CdNb,0¢ Columbite,
Cd7Zn5Cr20N’b4052 ZrCr204 Spinel. CdszOs Columbite.
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Sintering Study of Znlr,0, and CdCr,04 Disks.

Composition Sintering Condition Wt Change % Density g/cc
ZnCr,0, 1290°C/1 hr +1-2% 3
1340°C/1 br +1-2% 3
1420°C/1 hr ~0,6% 3.4
1550°C/1 hr -2% 3.7
1650°C/1 hr ~3% 3.8
CdCr,04 1290°C/1 hr +1% 4.4
1350°C/1 hr -13% 3.0
—24-
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Table 3.3
XRD and sintering results of Modified
N:OHNOb and oanwmob spinels
Sintering Weight Density
Composition _Conditions Change (%) (g/cc) Phases Present
N:OHNOb + 2wt%Z ZnO 1300°C/1hr -~ 3.2 mmm———- -
N:onwo + 3.33%Z ZnoO 1300°C/1hr +0.3 4,80 Spinel, tr.columbite
+218.867 Nb,0, 1350°C/ 1 hr 0 4.85 Spinel, tr.columbite
N:OHNOb + 1% ZUNOu 1350°C/1.5hrs. <0.5 4.70 ———————-
+ 3% chOm 1350°C/1.5hrs. <0.5 4,80 00000 @ meme———-
+ 5% ZUNou 1350°C/1.5hrs. <0.5 4.95 Spinel, tr.columbite
+ 7% szom 1350°C/1.5hrs. <0.5 4.87 0 =m=-=——- -
+ 9% ZUNOm 1350°C/1.5hrs. <0.5 4.80 0000 mmm—————
annNOb + 47 CdO 1300°C/1hr -~ 3.7 mmmm———-
OQOHNob + 4.47% CdO 1320°C/0.5hr. -7% 4.7 Spinel, columbite
+9.11% zvNOm 1320°C/0.5hr.(*) -0.5% 5.15 Pyrochlore, tr.CrNbO,
oannNOb + 5% zvNOU 1320°C/0.5hr. -7% 5.0 Spinel, tr.columbite
1320°C/0.5hr. -0.27% 5.3 Spinel, Pyrochlore,

(*)Disks fired in closed crucible with nmnnmo

atmosphere powder (sand).
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Figure 3.1b. -rav fluorescerce of Cd ir CdCrnu["CdHB,36 /).
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Figure 3.1c, ..-ray fluorescencc of Cr in CdCr,,04 c

25KV 433X SeU 0029

Figure 3.1¢ 3 - i 9n Cc.'C-n,,Jﬂ-:c';f:,,:.s (2/1).
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Figure 3.2a. Qptical macrostructure of ZnCr,,Oﬁ-ZngZO6 disks (3/1), (5/1),
(7/1) left to richt, respectivsly
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IV. SPECIFIC HEAT, MAGNETOCALORIC, AND DIELECTRIC CONSTANT
MEASUREMENTS AT LOW TEMPERATURES
This Section is devoted to experimental research on the
specific heat, magnetocaloric, and dielectric constant properties
of CdCr204 - and ZnCr204 - containing ceramics at low
temperatures and in intense magnetic fields. All measurements
here were made on dense or semi~dense ceramic pellets, and the

nomenclature used below is as follows:

CCN(9/1) = Mixture of 10 mole#% CdNb206, 90 mole% CdCr2 4"
fully dense, fine grain size

ZCN(9/1) = Zinc analog of CCN(9/1)

CdCr204 = Pure CdCr2 4" 74% dense, fine grain size

ZnCr204 = Pure ZnCr2 4’ 72% dense, fine grain size

This Section is organized along the following lines: First,
the dielectric-constant data will be presented, followed by the
specific heat data. Next, the specific heat data will be
analyzed. Thirdly, the magnetocaloric data will be presented,
and lastly these data will be analyzed.

A. Dielectric Constant Measurements
Dielectric measurements of CCN(9/1) and ZCN(9/1) disks have
been made at low temperatures. Each sample had sputtered gold

electrodes and was a disk approximately one centimeter in
diameter and one millimeter thick. The measurements were made in
a dielectric probe where the lead capacitance was on the order of
a tenth of a picofarad (about 1% of the measured values).
Dielectric constant versus temperature data for each sample
are shown in Fig. 4-1. 1In each case the dielectric constant
peaks above the temperature at which the specific peaks occur [8
K and 10.7 K for CCN(9/1) and ZCN(9/1), respectively]. The
specific-heat-peak temperatures are shown as the vertical arrows.
From Fig. 4-1, it appears that the slope of the dielectric
constant increases at the specific-heat-peak temperatures. To
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test this observation, the avervage slope (4e/AT) was calculated
between each pair of data points and is plotted in Fig. 4-2(a)
where the temperature of each point is the average temperature in
that interval. Figure 4-2(a) clearly shows the dramatic in-

creases in the slopes very near the specific-heat-peak tempera-

TV VTN e W W w

tures.

Figure 4-2(b) shows the variation in the dielectric constant

as a function of frequency at constant temperature near the peaks

of each material (8.01 K and 10.55 K, respectively). Both sets

of data are normalized to the dielectric constant at 200 Hz.

Although both changes are small, the ZCN(9/1) changes are much ]
larger than the CCN(9/1) changes.

Following the discovery of sharp maxima in Ae/AT at the
temperature of the specific heat maximum for both CCN(9/1) and
ZCN(9/1), Fig. 4-2(a), a decision was made to pursue these
measurements on the pure materials and in intense magnetic
fields. .

Figure 4-3 shows the original dielectric data for CCN(9/1)
and the new dielectric data for pure CdCr204 in zero field. The ]
latter sample was a disk that was only 54% of theoretical densi- 1
ty, and the data have been corrected for this low density )
following a formula given by Niesel (1952). The pure material !
has a smaller dielectric constant than the CCN(9/1) and does not
have the rapid rise associated with the spinel/columbite mixture.
At first glance, it appears there might be a small structure in X
the pure CdCr.,O

274
measurements across this region (not shown) it became clear that

data at 8 K, but upon repetition of the

this apparent structure is near the noise level and is probably
not present. Except for the broad maximum, the dielectric
constant of the pure material is distinctly different from that
of CCN(9/1). 3
Figure 4~4 shows similar data for ZCN{(9/1) and pure ZnCr2O4
where again the pure material data have been density-corrected
(70% of theoretical). Here the pure material does show slight
structure; i.e., a small, comparatively broad rise in the

dielectric constant between 6 and 8 K. There is no broad peak
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Comparison of dielctric data measured on CCN(9/1) and CdCr.0, .
The absence of structure in the data for the latter materiil
correlates with a similar lack of structure in the specific

heat data (see Fig. 4-9).
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Comparison of dielectric data measured on ZCN(9/1) and ZnCr O&.
The structure in the latter data is small, but this materia%
exhibits a substautial maximum in the specific heat (see Fig.
4-10).
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above this rise as in 2ZCN{(9/1). The anomalous rise in the
dielectric constant coincides with the peak in the specific heat
for the spinel + columbite samples. There is no correlation in
either of the pure materials between the specific heat data and
dielectric constant data (see Figs. 4-9 and -10 below).

The three materials which show dielectric structure [i.e.,
CCN(9/1), 2CN(9/1) and ZnCr204

Magnet Laboratory at MIT. In each case, the following procedure

] were measured at the National

was followed. At zero field, the dielectric constant was
measured as a function of temperature through the range of the
dielectric structure. Then at a constant temperature slightly
below the maximum in 3¢/3T the dielectric constant was measured
as a function of H-field. Holding the field constant at 15 T,
another temperature sweep was made over the same temperature
range as above.

At zero field, the temperatures were held constant using a
capacitance-temperature controller sensing a field-independent
capacitance thermometer (Lawless, 1971) in the probe. This
thermometer was calibrated in zero field against a germanium
thermometer during the first sweep. Then at H ¥ 0, the con-
troller could be set to the same known temperature points.

In the following data, it will be noted that the absolute
dielectric constants are slightly higher in each case compared to
the original data of Figs. 4-3 and 4-4. This is due to a slight-
ly larger lead capacitance in the MIT probe (~ 0.1 - 0.2 pF). No
correction was made for this effect. In each case, the samples
were identically the same, and the dielectric constants of the
pure spinels were corrected as above for density.

Figures 4-5, 4-6, and 4-7 show the results of these measure-
ments where in each figure the main graph shows the results of
the two temperature sweeps at 0 T and 15 7T and the inset shows
the field dependence of the change in dielectric constant at
constant temperature. For both the pure ZnCr204 and the

CCN(9/1), the dielectric constant is consistently higher across

the full temperature range, while the dielectric constant of

ICN(9/1) at 15 T compared to 0 T is first above at low
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temperatures, then below at high temperatures. The inset graphs
indicate that Ae in CCN(9/1) is proportional to H2 whil. 4e¢ 1n
both of the Zn samples is proportional to H with the slope

approximately the same in both cases [l.O9xlO_3 (1/T) for

ZCN(9/1) and 1.26x107° (1/T) for pure ZnCr,0, 1.

The derivatives Ac/AT for the temperature sweeps in a mag-
netic field are plotted in Fig. 4-8 as a function of temperature
for both of the spinel/columbite samples. The peak in Ac/AT in
ZCN(9/1) has not shifted in field while the peak for CCN(9/1) has
shifted by approximately 0.5 K. From previnus work, 1t has oeen
found that the tempevratures of the specific heat peaks of
CCN(9/1) and ZCN(9/1) do not shift In ftield.

It is an open guestion what role the columbite phase plays
in each case; it i1s possible that denser samples of the pure
spinels would more closely mimic the spinel/columbite behavior.
This possibility is suggested by Figs. 4-3 and 4-4 where the more
dense (70%) ZnCr.,0, showed structure closer to the 9/1 samples

274
than the less dense (54%) (Cd4dCr.,O

One possibility to consid§r4is a magnetic phase transition
occuring in the spinel component accompanied by a volume change
which in turn applies a pressure to the columbite phase changing
the dielectric constant of the columbite phase by electrostric-
tion. The dielectric changes are then only indirectly probing
the phase transition in the spinel. To analyze this situation,
consider the free energy of the columbite phase as a function of
polarization P and hydrostatic pressure, p, in the Ginzburg-

Landau-Devonshire formalism,

1 2 1,4 1 2
A(P,p) = 5x P" + zEP' + ... + 5(Q), + 20,,)pP" + ...
where Qll and 012 are electrostrictive coefficients. For P = 0,

_ L2 2
Xp = 4n/5P = 3°A/9pP" = Xg * <Q11 + 2012)p +

Therefore,

Y -

afarean as Mg baalotns it Bat des ans o
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where q = Qll + 2012 and the subscripts on e refer to pressure.
Here, p in Eq.(4-1) is the pressure exerted on the columbite
phase by the spinel phase.

Now consider three general types of phase transitions in the
spinel phase and use Eg.(4-1) to predict the behavior of «(T).
In a first-order transition the pressure will be a step functinn
with a cut-off at the transition temperature T,. From Eq.(4-1),
e will also change 1n a step pattern. Although there is a sudden
rise in the dielectric constant of toth (9/1) mixtures, this
model does not explain either the maxima in ¢ in the (9/1) sam-

ples nor the rise in € in the pure 2nCr20 sample.

4
Next consider a second-order transition with

T)1/2,

N
Using Eq.(4-1),

8ep/3T « 52 /(T - T)l/z.

o) N

Here 3¢/3T stays finite at Ty because of the [.w:sence of higher
order terms in the free energy expansion. Again, this case does
not correspond to the experimental results.

The third case is a distributed phase transition with
mechanical relaxation where approximately

p = exp[—u(TN - T)2]

Then, using Eg.(4-1):

2

3¢/3T « (T, - T) exp[—a(TN - T)"].

N

In this case an extremum occurs in € at T = T and a change

NI
in sign 1s predicted for Ae/AT at T = TN.

None of these cases fits the experimental observations, and
we are left with the conclusion that the columbite phases in

CCN(9/1) and 2CN(9/1) probably do not play a role in these
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dielectric anomalies. Consequently, these dielectric ancmalies

N are associated with a coupling between the optic modes and spin
. systems within the spinel phase.

- B. Specific Heat Measurements

4 . .

v As mentioned in Section III above, compacted disks of the

pure spinel powders were successfully formed at 1290°C for 1 hr
. in the case of CdCr204, 1650°C for 1 hr for ZnCr204. Weight
- changes were negligible (~ +1 and -3%, respectively).

Specific heat samples were prepuated as follows: Two disks
of CdCr204 were filrst grooved across the diameter, and these
grooved faces were then bonded together to form the basic sample.
Similarly for ZnCr204. The grooved faces thus formed a slot for

the insertion of a carbon-chip thermometer. A generous amount of

AR A e

copper foil was used in the sample assembly (e.g., between bonded
» faces, on the disk periphery, etc.) to provide good thermal

- diffusion, as later proved to be the case in the actual
experiments. Nonetheless, the specific heats of the disks were
large enough that the addenda contributions were very small

(< 5%) despite the copper-foil additions.

- The densities of the starting disks were as follows:

CdCr204: 4,359+0.009 (74.4:0.1% of theoretical)

ZnCr204: 3.865£0.021 (72.0*0.4% of theoretical),
using the NBS XRD densities (C.862 and 5.367, respectively). It
is worth noting that the density of a free powder is ~ 65-68%
(sphere close-packing), so the densification of these disks is

only marginally larger than that of the free powders. It should

AT 0T,

also be pointed out that these disks proved surprisingly hard to
cut, despite the marginal densification.
: Specific heat data were measured 2-34 K by the dynamic pulse 1
) technique in the adiabatic calorimeter, and the two samples were 1
measured simultineously. t
. Specitic heat data, C vs. T, for the CdCr204 disk are shown
! in Fig. 4-9 compared tn the specitic heat ot CCN(9/1). In the r
{
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Figure 4-9. Comparative specific heat data for CdCr)O& and CCN(9/1).
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spinel disk, a small, broad maximum in C occurs at 5.8 K, in good
agreement with the x-data in Fig. 5-x below. However, this
maximum is smaller and much broader than the C-maximum in
CCN(9/1) at 8.0 K in Fig. 2-1.

The corresponding specific heat data for the ZnCr2O4 spinel
and ZCN(9/1) are shown in Fig. 4-10. Here a different picture
emerges, as the spinel disk has a distinct peak in C at 9.7 K,
compared to the C-peak in 2ZCN(9/1) at 10.5 K. The temperature of
the C-maximum for the ZnCr204 spinel is in good agreement with
the x-data in Fig. 5-y below.

The behavior of C/T3 often provides useful insights, and in
Figs. 4-11 and 4-12 are shown C/T3—data for the CdCr204 and
ZnCr204 materials, respectively. In both of these plots are
shown data for the disks measured here plus separated data for
the spinel phases in CCN(9/1) and ZCN(9/1) from Fig. 2-1. In all
cases in Figs. 4-11 and 4-12, there is a rapid rise in C/T3 with
decreasing temperature at the lowest temperatures, and this has
previously been attributed to a Schottky term due to free spins.
Using this interpretation, one would say from Fig. 4-11 that the
density of free spins in the CdCr204 compacted disk is ~ 6-7
times larger than for the spinel phase in CCN(9/1). However,
this picture does not agree with the y-data in Fig. 5-x below.
From Fig. 4-12 for the ZnCr204 materials, one would speculate
that the density of free spins in the ZnCr204 compacted disk is
~ 2 times larger than for the spinel phase in ZCN(9/1), and this
interpretation is not necessarily out of line with the y-data in
Fig. 5-y below.

It is interesting to observe how large the specific heat of
the CdCr204 disk really is at the lowest temperatures. We
previously determined a reliable Debye temperature for spinel
CdCr§O4, 8D = 420 K, and this means that the Debye limit is
(c/T?), = 6.55 erg g * K '. From Fig. 4-11 for the cacr,0, disk
at the lowest temperatures, C/T3 = 3xlO3 -- 1.e., the Debye
contribution is only ~ 0.2%.

It is difficult to reconcile the C-data reported here and

the y-data. First, given the very slight densification of these
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spinel disks, it is reasonable to consider these disks and the

respective powders as being essentially identical (e.g., same
surface area). Going further, the grain sizes in the powder and
disk are most likely also identical, for the same reason.
Electron microscope studies are needed here. The broad C-peaks
in Figs. 4-9 and 4-10 may be due to short correlation lengths in
the disks, since it is believed that the spinel grains in
CCN(9/1) and ZCN(9/1) are quite large (~ 1lO0um) and have long
correlation lengths, leading to sharp C-peaks.

However, the x-data in Section V below consistently show
that the density of free spins increases as the surface area
decreases (e.g., powders have few free spins). On the other
hand, the very large value of C/T3 for the CdCr?_O4 disk at the
lowest temperatures in Fig. 4-11 suggests a very large density of

free spins.

Magnetic Field Dependence. The magnetic field dependence of

the specific heats of the CdCr204 and ZnCr204 disks were measured
in a field of 10 T at the National Magnet Laboratory. A so-
called drift technigue developed by CeramPhysics was used in
these measurements (Lawless et al., 1982).

Magnetic-field-dependent specific heat data in the neighbor-
hood of TN for the CdCr204 and ZnCr204 disks are shown in Figs.
4-13 and 4-14, respectively, at H = 10 T and H = 0. In the
paramagnetic regions, the 10 T field decreases the specific heat
of CdCr204 by ~ 35%, Fig. 4-13, and this is thermodynamically
consistent with the magnetocaloric phase diagram shown in Fig.
4-24 below. That is, based on simple entropy arguments, magneti-
zation heating requires that a magnetic field suppresses the
specific heat.

However, a magnetic field increases the specific heat of

ZnCr204, Fig. 4-14, and this is thermodynamically inconsistent

with the magnetocaloric data in Fig. 4-30 below.
Our interpretation here is that the carbon-chip thermometer

on the ZnCr204 sample probably shifted in calibration in the 10 T

field, leading to the inconsistent results in Fig. 4-14. Along
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this line, this thermometer was observed to shift in calibration
during the magnetocaloric measurements (see telow). Further
support for this interpretation comes from the fact that a field
suppresses TN for an antiferromagnetic transition, as in Fig.
4-13, whereas the opposite is seen in Fig. 4-14.

This interpretation would seem to cast some doubt on the
ZnCr204 magnetocaloric measurements below; however, there are
major differences in the two experiments. First, calibration
points were taken at practically all magnetocaloric set points,
and there was internal consistency amonst the sets of magneto-
caloric data. And second, magnetocaloric measurements involved

AT's.

Data Analyses. We now consider phenomenological analyses of

the specific heat data for the pure spinels shown in Figs. 4-9
through 4-12 for comparison with similar analyses of the data for
the spinel phases in CCN(9/1) and ZCN(9/1) (Eckels et al., 1985).
To review, the spacing of quantized energy levels gives rise to a
so-called Schottky specific-heat term. For a two-level system
where 8§ is the energy separation, for example, the high-tempera-
ture (T >> §) form of the Schottky term is

C = nRg,g,{(g, *+ g )_2 (G/T)2 (4-2)

sch 091" ~+0 1

where 99 and g, are the degeneracies of the two levels, and n is

the number of level systems per formula weight. The form of

Eq.(4-2), Csch = T—2, is correct for the general Schottky term,
and in the Debye limit for the lattice contribution (i.e., Cz x
T3) a plot of

ct? = mT° + b (4-3)

is a straight line where m is related to the Debye temperature
(eD) and b # 0 is the coefficient of the Schottky term.
A subtlety enters the m-coefficient in Eq.(4-2), as follows:

If an antiferromagnetic transition occurs, then at temperatures
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below Ty @ T” spin-wave contribution to the specific heat is
present, and in Eq.(4-3) m = my +om_ oy where my is related to the
Debye temperature and m_ is the coefficient of the spin-wave
term. For a ferromagnetic transition, the spin-wave contribution
. 3/2
varies as T .

Thus, these Schottky analyses of specific heat data yield a
great deal of information: (1) The b-coefficient in Eqg.(4-3)
yields data for n62 from Eq.{4-2), given certain assumptions
regarding 99 and 9yi and (2) The m-coefficient in Eg.(4-3) yields
information on both the Debye temperature and the presence of

antiferromagnetic spin waves.

chrzo4 Phase
o] \C?O 20'0 3010 A?O 50]0 In ZCNtO/1)
? 3 -2
r ZnCrZOAPh:se r
ol in ZCN () - A
= - e
D ye o ~ 'p o P
g ? 2 Cd(:r2 4 Phase 44
H v tn CCH(9)
5 4 ) A
g CaCr,C, Pnase o /-.'
o 3r in CCN{9/M) o s ‘J
S - 7 o
2r 4
~ tow Temperature / High Yemperature
T\ Schotky Terms Schotthy Terms
0 PO 1 ] B T ) [ 1 ! |
[+] s 00 [} 1 2 3
12 (%) 12007 k%)

(a) (b)
Figure 4-15. Schottky analyses at (a) low and (b) high tempera-

tures for the spinel phases in the spinel + columbite densified
ceramics CCN(9/1) and ZCN(9/1).

Examples of these types of Schottky analyses have previously
been performed for the CdCr204 and ZnCr204 spinel phases in the
densified ceramics CCN(9/1) and ZCN({9/1), respectively, and these
analyses are reproduced in Fig. 4-15 (Eckels et al.,1985).

Analyses at T > T Fig. 4-15(b), are not complicated by spin-

Nl
wave terms, whereas at T < TN’ Fig. 4-15(b), this complication
may enter. Excellent fits to Eq.(4-3) are obtained in Fig. 4-15
with b # 0 (note that the deviations at the lower temperatures

are due to the T >> 8§ approximation), and we note in particular
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that the excellent T < TN fits in Fig. 4-15(a) are strong evi-

dence for antifervomagnetic transitions. We shall return below

to the details of these fits.

> Returning to Figs. 4-11 and 4~-12, we note that the behavior
2 of C/T3 is basically the same at T > TN for the spinels whether
'5 in the compacted disks or as the spinel phases in the densified
b spinel + columbite ceramics. Likewise, at T < TN there 1is a

': marked rise in C/T3 with decreasing temperature in all cases.

N Therefore, by analogy with the data in Fig. 4-15, Schottky

*? analyses at T < TN and T > TN were carried out for the specific
: heat data measured on the compacted disks of CdCr2O4 and ZnCr2O4
¢ and these data are shown in Figs. 4-16 and 4-17, respectively.
?2 Once again, excellent plots according to Eg.(4-3) are obtained.
$ The results of least-squares fittings of the data for all
N materials are summarized in Table 4-1. In all these analyses,
;ﬁ the assumption dg = 9, in Eq.(4-2) has been made.
{b

N Table 4-1
f:? Schottky Analyses, Eg.(4-3)*

'g CdCr294 ZnCr294
- Quantity In CCN(9/1) Disk In ZCN(9/1) Disk

- m (High-T) 6.546 6.546 5.875 6.765
5y m (Low-T) 470.6 2764 136.1 2182

,3 eD (High-T 420 420 463 442

i. 9D (Low-T) 101 56 162 139

N né % (High-T) 1679 2168 1264 1377

X ns 2 (Low-T) 0.109 0.761 0.135 0.637
- n C,_(k/23s)> 1.57x107°  9.30x10 > 3.66x10™% 6.11x107°
i *Units-ire-ionsistent with the specific heat in units of

3 erg g K “; note also that dg = 9, in Eq.(4-2).

: Alsc included in Table 4-1 are data for the spin-wave specific

" heat term,

[ 4

‘ C. =n.RC. (k/23s)°T> (4-4)
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computed from the differences In the m-coefticlients [1..o

Lrae.,
m=m_ + m =m. +n RC (%/2Js) ], where n 15 the density ot
D Sw D 3 1 3 ¢
spin waves.
A rather staggering amount of =2xperimental data analyses atwe
summarized in Table 4-1, an! these results fall into s~veral
separate categotries, as follows:

Debye Temperatures. The agreement between the 9.'s for the

D
spinels from the high-temperature analyses are very good (exact

in the case of CdCr2O4). For comparison, the Lindemann equation

relates GD to other properties.

8 = B(T /MV2/3)1/2 (4-5)
D m

where Tm is the melting point, M is the molecular weight, V is
the molecular volume, and B is constant (= 115). Adopting 1800°C
melting points for both spinels, we find from Eqg.(4-5) that

85 (CdCr204) 414 K
8 (ZnCr204) = 469 K

D

in remarkably good agreement with the data in Table 4-1 [Note in
this regard that changing Tm by * 200°C in Eqg.(4-5) changes 95 by

only * 5%]), We also point out that these 8_'s are large enough

to justify the T3 approximation for the lat?ice specific heats
implicit in Fig. 4-17.

The Deybe temperatures in Table 4-1 from the low-temperature
Schottky analyses are clearly too small, and this is firm

evidence for antiferromagnetic spin waves.

Schottky Terms, T > TN' The Schottky specific heat term 1n
the paramagnetic phase (T > TN) is due to the spins that partake
in the transition at TN’ and it seems reasonable to assume that
is the same for, say, ZnCr204 in both the compacted disk and as '
the spinel phase in the spinel + columbite densified ceramic.

c
-t 3=




' This argument can be genevralized further by observing that

whatever the form of the actual Schottky term, the high-tempera-

’ ture expansion will always have the functional form, C ch * n/T2,
where n is the density of contributing spins. Thus, §° becomes a
; constant of proportivonality which is assumed the same for the two
forms of 2nCr2O ({and CdCr204). Proceeding along this line, the

ratio of the né” values should correspond to the ratio of spin

densities in the two forms, and from Table 4-1 we find:

3 Table 4-2
2 Paramagnetic Spin Densities, T > Ty
Spinel n(Disk)/n(spinel + columbite)
; CdCr204 1.29
- 2nCr,0, 1.09

There 1s satisfactory agreement between the contributing
spin densities in the two forms of ZnCr204 in Table 4-2 (i.e., ~
* 5%), and along this line we note the similarities in the
. specific heat maxima in Fig. 4-10 where the two curves appear
shifted by about 1-2 K.
ATr phase diagram at 10 T in Fig. 4-31 below for the two forms of

On the other hand, the magnetocaloric

" ZnCr204
. 2 times larger than the spinel + columbite ceramic.

suggests that the spin density in the compacted disk is ~
However, the

magnetocaloric data reflect the
> TN Schottky term reflects the
at TN.

For CdCr204,
spins partake in the transition

the Table 4-2

spinel:columbite ceramic.

Schottky Terms, T < TN.

total spin density whereas the T

spins partaking in the transition

data indicate that about 30% more

in the compacted disk than in the

Below the transition it is

reasonable to assume that the free spins give rise to the

Schottky term.

free-spin densities:

N .,..'_-.','.'?.';.__'x__:._'. ~e
L N

Proceeding as above, we find for the ratio of

- -
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Table 4-3

Free Spin Densities, T < T

N_
Spinel n{Disk)/n (Spinel + Columbite)
CdCr204 6.98
ZnCr,0, 4.72

Here, we find a wide disparity in the free-spin densities
between the two forms of both CdCr204 and ZnCr204. The origin of
these disparities is simply the very large differences between
the specific heats of the compacted disks and the spinel +
columbite ceramics in Figs. 4-9 and 4-10.

Our interpretation of these T < TN Schottky terms may be
incorrect, for two complementary reasons: (1) The susceptibility
data clearly show that the spinel + columbite ceramics have much
larger free spin densities compared to the powders (see Section
V); and (2) The magnetocaloric phase diagrams below support these
susceptibility data.

The question then is the origin of these T < TN Schottky
terms, since in the simple model of the two-spin systems the
correlated spins contribute the T3 spin-wave term, and the
uncorrelated spins contribute the Schottky term. Possibly a
third spin system is involved as suggested by some of the

susceptibility data in Section V.

Spin-Wave Densities. As a final exercise, we consider the

densities of the spin waves, N from Table 4-1, as given by the
ratios of ng Ca (k/2Js)3, and we recall that these densities come
from the m-coefficients in Eg.(4-3) and are independent of the

Schottky terms. Proceeding as above, we find

Table 4-4
Spin Wave Densities
Spinel nS(Disk)/ns(sginel + columbite)
CdCr204 5.92
ZnCr .0 16.7

2=—4—

<
Y
L
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Here also we find a wide disparity in ng from the two forms
of these spinels. Recalling that ng is also the density of
antiferromagnetically correlated spins and that these spins give
rise to magnetization cooling (see below), the Table 4-4 data
suggest that such cooling phenomera should be much more
pronounced in the compacted disks than in the spinel + columbite
ceramics -- but this is not borne out in the magnetocaloric phase
diagrams below. Along this line, however, we do note fr=m Table
4-1 that the quantity ng Ca (k/2Js)3 is larger for CdCr204 than
for ZnCr204, and magnetization cooling is always seen in the
CdCr204 materials but not in the ZnCr204 materials, as we shall
see shortly.

The data and analyses reported here support the earlier
findings on the CCN(9/1) and 2CN(9/1) ceramics and lead to a
clear picture of the specific heat properties of these spinels at
temperatures well removed from TN:

1. The lattice modes in CdCr204 and ZnCr,0, are well
characterized by Debye temperatures of 420 and about 450
K, respectively, in excellent agreement with the
predictions of the Lindemann equation.

2. The excellent low-temperature Schottky fits leave little
doubt regarding the presence of antiferromagnetic spin
waves.

3. From the high-temperature Schottky fits, there is good
agreement for the density of contributing spins in the
two forms of CdCr204 (and ZnCr204).

Attempts have been made here to estimate the ratios of free

spin densities below TN and of antiferromagnetic spin waves
between the two forms of CdCr.,0, and of ZnCr.,O

274 274"
estirates depend critically on the assumptions that §, 9gr 9y J,

However, these

etc. are the same in the two forms, whereas in fact the stress

conditions most probably are not the same.

C. Magnetocaloric Measurements

Measurements of magnetocaloric effects under adiabatic
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conditions were performed ovet broad temperature ranges (2-20 K)
and magnetic tield ranges (< 15 T) on samples of CCN(9/1),
ZCN(9/1), CdCr,0,, and ZnCr,0,. These were the same samples used
for the specific heat measurements above.

Magnetocaloric measurements are a sensitive test of the

contributing spin systems for the simple reason that uncorrelated

spins give rise to magnetization hecating, antiferromagnetically
correlated spins give rise to magnetization cooling, and
terromagnetically correlated spins give rise to hysteretic
effects.

There are several experimental details involved in these
measurements (e.g., thermal time constants, addenda corrections,
magnetoresistive effects in thermometry, etc.). These details
have been adequately discussed previously (Eckels et al., 1985)
and in Interim Reports and will not be discussed here.

In addition, a voluminous amount of magnetocaloric data were
measured here, as reported in Interim Reports, and rather than
present all these data in this Annual Report, we shall present

selected and summary data.

Data Measured on CCN(9/1) and CdCr294.

spinel materials first, the magnetocaloric ATr data for CCN(9/1)

Considering the Cd

measured above and below TN are shown in Figs. 4-18 and 4-19,
respectively. These are the reversible AT-components; the
hysteretic components while small (< 5%) have been separated out.
N (i.e., 7.5 < T < 9),
CCN(9/1) displays magnetization cooling; at all other tempera-

In a narrow temperature range around T

tures CCN(9/1) displays magnetization heating. We note in
particular in Fig, 4~18 that a AT = H relatio is followed
(inset), and at the lowest temperature AT/T ~ 100%,.

Data at the lowest temperatures for CdCr204 are shown in
Fig. 4-20, and here, in contrast to CCN(9/1), a significant
hysteretic component is found which indicates a presence of
ferromagnetically correlated spins. In addition, the data in
Fig. 4-20 show a dependence on the ramp rate; that is, 40 s ramp
rates were employed except for the 4-s rates indicated in Fig.

-67-
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4-20.

An unexpected discovery in CdCr204 is shown in Fig. 4-21 --
namely, a field-induced change from magnetization heating to
magnetization cooling. The hysteretic components seen in Fig.
4-20 are negligible at the temperatures in Fig. 4-21, and these
latter data are not sensitive to the ramp rate. Note in this
regard that the CCN(9/1) data in Fig. 4-18 and 4-19 do not show
even a hint of this crossover behavior.

A crossover magnetic field for CdCr204 can be seen in Fig.
4-21 (i.e., that field where AT _/8H changes sign), and the
dependence of this crossover field on temperature is shown in
Fig. 4-22. As seen, the minimum crossover field occurs at about
4.8 K.

Magnetocaloric data for CdCr204 at temperatures where only
magnetization heating is seen are shown in Fig. 4-23, and here
also there is no dependence on the ramp rate.

Finally, in Fig. 4-24 is shown a field-temperature phase

diagram for reversible magnetocaloric effects in CdCr204, and in
Fig. 4-25 are shown combined phase diagrams for CCN(9/1) and
CdCr204.

The phase diagrams in Fig. 4-25 are very similar and appear
offset in temperature by the difference in the TN'S (indicated).

However, at temperatures well below T,, the phase diagrams

N
diverge, indicating a much larger density of free spins in
CCN(9/1) compared to CdCr204.

Data Measured on 2CN(9/1) and ZnCr294. Following the same

organization of the data as for the Cd spinel materials above,

the magnetocaloric data for 2ZCN(9/1) abvoe and below T, are shown

N
in Figs. 4-26 and 4-27, respectively. We note that ZCN(9/1)

displays nonhysteretic magnetization heating at all temperatutres, )

and at the lowest temperature in Fig. 4-26 the magnetocaloric
effect is not as large as in CCN(9/1), Fig. 4-18. K
Complementary data measured on ZnCr204 are shown 1n Figs.

4-28 and 4-29, respectively. As with the ZCN(9/1) data in Figs. )

4-26 and 4-27, nonhysteretic magnetization heating occurs at all
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temperatures, independent of the ramp rate.

The temperature-magnetic field phase diagram for ZnCr204 is
shown in Fig. 4-30, and TN is indicated. Combined magnetocaloric
phase diagrams for ZCN(9/1) and ZnCr204 are shown in Fig. 4-31.

The combined data in Fig. 4-31 for the Zn spinels are guite
dissimilar compared to the combined data for the Cd spinels in
Fig. 4-25. The data in Fig. 4~31 do not scale above TN based on
the difference in TN’s, as the data in Fig. 4-25 do. However, as
with CCN(9/1), the 2CN(9/1) material has a much larger density of
free spins at the lowest temperatures compared to the pure
spinel.

"Accidental" Magnetocaloric Event. During the course of

magnetocaloric measurements on CCN(9/1) and ZCN(9/1), an
inadvertent collapse of the magnetic field occurred during
up-ramp, and the measured behavior of the samples during this
event may provide important clues regarding the spin systems in
these materials.

The tempeyrature-time and magnetic field-time records forv
this event are shown in Fig. 4-32.

The Fig. 4-32 data reveal two interesting features: (1) The
sum result of the event was to heat the samples far above the
reservoir temperature, CCN(9/1) in particular; (2) Following the
field collapse, an instantaneous cooling occurred followed by a
heating process with a characteristic time ~ 1-2 sec.

These results might be understecod in terms of the the model
of two spin systems: The uncorrelated spins instantaneously
demagnetization-cool with a very rapid spin-phonon relaxation
time; and the correlated spins demagnetization-heat with a long
spin-phonon relaxation time. The explanation then is that on
field collapse the uncorrelated spins first cooled the lattice
phonons to a very low temperature, followed by the correlated
spins slowly heating the phonon field back to the reservoir
temperatutre ot higher.

The question, of course, is what happened to the entropy in

the uncorrelated spin system since clearly when the field is
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slowly ramped down the net ef:icect 1s demagnetization cooling back
to the reservoir temperature. The answer here may lie in the
zero-field splitting of the uncorrelated spins which ultimately
limits how low in temperature this spin system can cool and
therefore limits the recoverable (i.e., reversible) entropy.
Under slow-ramp condit.ons the spin systems are presumably in
equilibrium with each other and the phonon field so that zero-
field-splitting effects aren't seen.

In any case, this accidental evant seems to lend additional
weight to the notion of two spin systems in these spinels. Also,
it's interesting to observe that the effect of the correlated
spins in ZCN(9/1) in Fig. 4-32 is weaker than in CCN(9/1), and

this reflects the behavior seen above (Figs. 4-18 and 4-26).

D. Magnetothermal Data Analyses

In the above sections, a large amount of specific heat and
magnetothermal data have been reported on materials composed of
the spinels CdCr204 and ZnCr204. We now take up analyses of
these data based on the TdS equation for magnetic insulators.
Additionally, we will give estimates of the deinsities of free
spins in these materials. We begin with the TdS equation for
magnetic insulators,

TdS = mC,dT + u mT(3M/3T) dH (4-6)

where m is the sample mass and CH is the specific heat at field.

Next, guided by the linear M - H characteristic in Fig. 2-4, we

write
M = H, (4-7)
and substituting in Eg.(4-6) for adiabatic conditions, we have

= -1 2 -
(Cy/T)dT = -5y (dy/dT)dH". (4-8)

The specific heat measurements on these mata2rial: in intense

. .'\‘-“i"

Ly

IR LAY



magnetic fields have not revealed a strong field dependence.

Approximately CH = Co, we have upon integration that
(dx/dT) = -24S /H° (4-7)
HoteX e}

where ASO is the change in the zero-field entropy on adiabatical-
ly ramping 0 + H. Thus, by this convention, 1f magnetization
heating occurs (ASO > 0), then dx/dT < 0.

It will prove useful to rveview the elementary dependence of
dx/dT on x(T), and this is shown in Fig. 4-33. TN can be defined
by the maximum in dx/dT, as shown. At ;rhe lowest temperatures,

the presence of free spins

causes x to rise rapidly (dashed \ /o
\
curve), and this in turn will \ '/ \
\
cause dx/dT to plunge rapidly, as = \ y. \\

shown. t?/ ;\\\\“—

In arriving at Eq.{(4-9), the

A A ek o e s B A A A

most serious approximation is that

of a linear paramagnet, Eq.(4-7),

}“ (4
and it is instructive to consider :Qo i
the corrections to this approxima- o : | //
tion. In the mmost general case, ' \\\,/
we have the Landau-type expansion, !
T T
N
3 5 .
M = xH + EH” + ¢H™ + ... (4-10) Figure 4-33. Sketch of
the variation in dyx/dT
Substituting in £q.(4-8) and re- dae to the idealized
arranging, we have change of x with tempera-
ture.
_ 2 1 2 1 4
uo(dx/dT) = -2ASO/H + uo[i(de/dT)H + §(dc/dT)H I. (4~11)

We note two features from Eqg.(4-11): First, even in the case of
a nonlinear paramagnet, 1f & and 1 ave temperature-independent
then Eq.(4-11) reduces to Eg.(4-9). And second, under isothermal

- . . e e sul
conditions (i.e., dx/dT is constant), if A5 /H7 1s not constant
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then the importance of the higher terms in Eqg.(4-11) is clearly
indicated. We shall see below that these considerations become
important in interpreting the phonomenoclogical results.
Finally, anticipating that ASO tables will be generated,
another interesting analysis of the data becomes possiole.
Namely, the maximum entropy available in a free-spin system is

simply
(2s + 1) (4-12)

where np are the number of free spins per formula weight (e.qg.,
np = 2 in the high-temperature, paramagnetic phase of CdCr204)
and s is the spin value. If we now assume that at some
sufficiently large field strength all of these free spins are
aligned, then upon demagnetization the temperature change of the
sample 1s due to the randomization of these spins. Stated

differently,
ASO = np R &n (25 + 1) (4-13)

where ASO is the entropy change of the sample, as above. In this
fashion, the free-spin density, np, can be estimated from the
very high field magnetocaloric data.

The first step in these analyses was to develop ASO—tables
from the four sets of zero-field specific heat data in Figs. 4-9
and 4-10. This was done by numerically integrating the experi-
mental CO/T data, and then these data were smoothed for greater

accuracy. Next, a code was written for converting a Tl + T2 mag-

netocaloric event on 0 » H up ramp to the ratio ASO/H2 according

to Egq.(4-9). The average temperature of the event is (Tl +
T2)/2, and only the reversible AT's wevre considered. In this
fashion, two types of phase diagrams were generated for each of
the four samples: (1) M dx/dT vs. T at constant H; and (2) b
dx/dT vs. H at constant T. In the formevr type of diagram, the
data are limited to H = 5 and 10 T because complete data sets

were unavailable at other ficid levels, in particular at lowerv




field levels.

CdCvr 4 Disk. The magnetothermal phase diagrams for the
30,
uLL204
T diagram in Fig. 4-34(a) at 5 and 10 T s"»w that field-dependent

20
compacted C disk are shown in Fig. 4-34. The My dx/dT vs.
magnetization gdoling, dx/dT > 0, is observed at and below TN’ as
discussed previously.

We note here that for an ideal Curie magnet y « T °, so in
some temperature range dyx/dT « —T_z, as illustrated in the
idealized sketch in Fig. 4-33. The Fig. 4-34(a) data do not
reflect this up to 23 K; otherwise, these Fig. 4-34(a) data
follow the idealized behavior in Fig. 4-33 and indicate that a
free-spin contribution exists below about 3 K.

The N dx/dT vs. H magnetothermal phase diagram in Fig.

4-34(b) is shown tor temperatures below and above T at both

N
temperatures mannetization heating is observed. For both
temperatures, dyx/dT decreases rapidly as H decreases, so little
quantitative agreement can be expected with the low-field x-data
in Section V below.

The dy/dT-data at 3.47 K in Fig. 4-34(b) involve contribu-
tions from both correlated and uncorrelated spins. However, at
10.6 K one expects all the spins to be uncorrelated, and here the
non-~constancy of kEg.(4-9) is clearly seen. The higher-order
terms in tg.fd4-11) are needed to explain these data, but this was
not pursued due to the lack of data at lower H-values in Fiqg.
4-34(b). N.ote in this regard that the mecasurement of magneto-
caloric data at lower H-values is subject to the experimental
constraint »f resolving the associated small temperature changes
in intense magnetic fields.

Finally, from Fig. 4-34(b) it appears that saturation occurs

by about 15 T.

CCN(9/1). The My dx/dT vs. T magnetothermal phase diagram
for CCN(9/1t) 1s shown in Fig. 4-35(a), and this diagram closely
resembles that of CdCr2D4 in Fig. 4-34(a) given the shift in the

TN—values. Note also that the scales (i1.e., magnitudes) of the
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data in Figs. 4-34(a) ~~?! 4-34(D) are commensurate.

The b dx/dT vs. H diagram for CCN(9/1) is shown in Fig.
4-35(b) at two temperatures above and below Ty and once again
the non-constancy of Eg.(4-9) is clearly evident.

N in CCN(9/1)
compared to the CdCr204 disk 1is clearly seen in both Figs.
4-35(a) and 4-35(b) by the much larger absolute volues of dyx/dT

The larger density of free spins below T

(see below, also).

2=4
diagram for ZnCr

ZnCr.,0, Disk. The b dx/dT vs. T magnetothermal phase
204 in Fig. 4-36(a) is in marked contrast to the
equivalent phase diagram for CdCr204 in Fig. 4-34(a) and also
does not resemble the idealized behavior in Fig. 4-33. In Fig.
4-36(a) dx/dT goes through a deep minimum at TN at both 5 and 10
T, indicative of a neatv-sinqgularity in x vs. T. At all tempera-
tures in Fig. 4-36(a), dx/dT < 0, indicatiag that x always in-
creases with decreasing temperature at these field strengths.

The e dx/dT vs. H magnetothermal phase diagram for the
ZnCL'2O4 disk is shown in Fig. 4-36(b), again at twg temperatures
above and below TN' As in CdCr?_O4 ([Fig. 4-34(b)], dx/dT de-
creases very rapidly with decreasing H indicative of the impor-
tance of the higher-order terms in Eg.(4-11). Also, the appear-
ance of saturation 1s seen at about 15 T.

Another striking difference between CdCr204 and ZnCr204 is
seen on comparing the equivalent phase diagrams in Figs. 4-34(b)

and 4-36(b). Namely, at T ~ 2 T the dx/dT-values for Zncr .0

N’ 274

are substantially larger in magnitude compared to CdCr204.
ZCN(9/1). ihe vy dx/dT vs. T magnetothermal phase diagram

for ZCN(9/1) 1in Fig. 4-37(a) closely resembles that Ior the

ZnCr204 disk in Fig. 4-36(a) -- note in particular the deep mini-

mum at T,
N

The by dx/dT vs. H phase magnetothermal diagram for ZCN(9/1)

and the similarity of the scales.
1s glven in Fig. 4-27(b) for three temperatures -- above, at, and

below TV‘ Again the similavity to the equivalent diagram for

ZnCr,0, (Fig. 4-36(b)] is observed, and we note the huge

G-
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(absolute) values for dy/dT in 2CN(9/1) at T ~ T
4-37(b).

N 1P Fig.

Free Spin Densities. As a final exercise, we consider the

free-spin density np computed from Eq.(4-13). The magnetocaloric

data used here to obtain ASO are taken at the highest field

S ANNA S

strength, 15 T, and the o dx /dT vs. H phase diagrams suggest
that this field strength is very near the saturation level at .
certain temperatures. The free-ion spin value, s = 3/2, was used
here. These computed n, vs. T data for the four samples are
shown in Fig. 4-38. Only one point each for the spinel +
columbite ceramic is shown in Fig. 4-38 (i.e., at 15 T). g
The np data in Fig. 4-38 at temperature above Ty are sur- o~
and ZnCr,O np = 0.04, but far "

274"
2. To bring these data into

prisingly consistent for CdCr

A TR TN

[

(0]
2
below the expected value of np

(AN

line with np = 2 requires s ~ 6x1029.

r

The data for np at temperatures well below TN are also
surprisingly consistent for all four samples in Fig. 4-38, np =
0.003-0.007. The data for CdCr.,O0, in Fig. 4-38 do not extend

274
below 7 K because it will be recalled that there is a field-

» L
S,

(P P

enforced crossover in the sign of dx/dT for this material at the

lower temperatures.

P A A A Y

We point out that Eq.({4-13) is not strictly valid at temper-

-
.
.

atures below TN. Namely, in the simple two-spin model the

uncorrelated free spins contribute a dx/dT < 0 component, the

N

=
]

correlated spins: contribute a dx/dT > 0 component. Consequently,

M oI |

‘.,.ll

np below TN is a measure of the net uncorrelated spins. '

.,

E. Conclusions from Thermal Data

.-
L4

A large amount of experimental data have been measured on

.

the same compacted disks of CdCr204 and ZnCr204 ~- zero-field

specific heat data, field-dependent specific heat data, and

Ry
[ J

ol
. )
5t

magnetocaloric data. The magnetocaloric data have been reduced
and presented in the form of phase diagrams. The zero-field o

specific heat dZata have been analyzed in terms of Schottky and

spinwave models. Finally, all the magnetocaloric data have been
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Figure 4-38. Free spin densities at 15 T as a function of temperature
according to Eq.(4-13).
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analyzed according to the TdS equation, making use of the speci-

fic heat data. In what follows below, the results of all these

studies are summarized:

1.

In contrast to ZnCr204, CCN(9/1), and ZCN(9/1), the CdCrZO
disk:

(a) Does not display a sharp maximum in the specific heat:

4

(b) Displays a field-enforced crossover between dy/dt > O
and dyx/dT < 0 below TN; and
(c) Exhibits a substantial hysteretic component below TN in
the magnetocaloric data.
Except at the lowest temperatures, there is a great deal of
similarity in the ATr phase diagrams of CdCr204 and
CCN(9/1), Fig. 4-25. The corresponding diagrams for the
zinc spinels are not similar, Fig. 4-31.
Both CdCr204 and CCN(9/1) exhibit magnetization cooling in a
limited temperature range at and below TN’ Fig 4-25; in con-
trast, ZnCr204 and ZCN(9/1) exhibit magnetization heating at
all temperatures, Fig. 4-31.
Both CdCr204 and ZnCr204 show strong, nonlinear departure
from the linear relation Eqg.(4-9), as seen in Figs. 4-34(b)
and 4-36(b). This was unexpected, given the linear M vs. H
data in Fig. 2-4, and frustrates meaningful comparisons with
the low-field susceptibility data in Section V below.
Specific heat data for CdCr204 and CCN(9/1) are both consis-
tent with a T3 antiferromagnetic spin-wave contribution at

420 K acoustic-mode con-

the lowest temperatures and a op
tribution.

Specific heat data for ZnCr204 and ZCN(9/1) are both consis-
tent with a T3 antiferromagnetic spin-wave contribution at
the lowest temperatures and a eD ~ 450 K acoustic mode con-
tribution.

For both the cadmium and zinc spinels, the Debye tempera-
tures are in excellent agreement with predictions from the
Lindemann equation.

From the T > T, Schottky fits to the specific heat data of

N
all four samples, there is satisfactory agreement for the
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number of spins partaking in the transition at TN between
CdCr204 and CCN(9/1) and between ZnCr204 and ZCN(9/1).
9. From the T < T, Schottky fits to the specific heat data, the

densities of fgee spins in the disks of CdCr204 and ZnCr204
are ~ 5-7 times larger than in the densified ceramics
CCN(9/1) and 2CN(9/1). This is in semi-quantitative
agreement with the magnetocaloric data here based on entropy
arguments, Fig. 4-38. On the other hand, the low-field dc
susceptibility data below suggest that the ceramics CCN(9/1)
anc ZCN(9/1) have the larger densities of free spins.

From the spin-wave terms in the specific heats below Ty’ the
densities of the antiferromagnetically correlated spins are
much larger in the disks of CdCr204 and ZnCr204 than in the
ceramics of CCN(9/1) and ZCN(9/1), respectively. Nonethe-
less, the spin-wave terms do indicate that magnetization
cooling should be more pronounced in the cadmium spinel than
in the zinc spinel, in agreement with the magnetocaloric
data [We draw attention to the assumption made in analyzing
the specific heat that the zero-field splitting, etc. is the
same in both forms of CdCr,0, (and ZnCr204), whereas In fact
different stress conditions exist in the two forms].

N’ for both CdCr204 and
ZnCr.,0, and for magnetic field strengths at or very near

274
saturation (15 T), the densities of free spins estimated

In the paramagnetic region, T > T

from entropy arguments are ~ 0,04 -- i.e., ~ 50 times

smaller than anticipated, Fig. 4-38.

In all the thermodynamic analyses here, the field dependence
H

is not a serious assumption because CH/Co < 35% near TN at

10 T, Fig. 4-13.

of the specific heat has been ignored (i.e., C, = Co)' This
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V. MAGNETIC SUSCEPTIBILITY AND RESONANCE STUDTES

Magnetic Susceptibility (yx) and EPR Studies

This section summarizes the magnetic susceptibility (x) and EPR
measurements on several CdCr;04- and ZnCr,0,~based spinels, made (by the WVU
group) with a view of providing new clues as to why these spinels exhibit

exceptionally high heat capacities.

V.l Experimental Methodology, Sample Preparation and Sample Notation

The X measurements were made at the National Magnet Laboratory of MIT,
using a SHE squid magnetometer. The EPR measurements, on the other hand, were
made at West Virginia University with an IBM-Bruker Model ER-200D spectrometer
which uses an ASPECT 2000 microcomputer for data acquisition and analysis.

The description of the samples, investigated in this report is given in

Table 5.1 ali“:ough measurements were made on many others as well.
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Table 5.1 Investigated Samples

No. Sample Name Notation Source
B 1 CdCr,0, (powder) CdCr,04 (P) Penn State (PS) Univ.
o 2 CdCr,0, (powder disk)2 CdCr04 {PD) PS Univ.
$: 3 CdCr,0, (densified disk)b CdCr204 (DDCP) Ceram Physics (CP)
<
g- 4 CdCr,0, (densified disk)®¢ CdCr0y (DPPS) PS Univ.
! 5 ZnCr,0, (powder) ZnCr 04 (P) PS Univ.
~; 6 ZnCr0, (powder disk)?3 ZnCr04 (PD) PS Univ.
~ 7 ZnCr,0, (densified disk)d ZnCr 04 (DDPS) PS Univ.
N-
f 8 ZnCr0,4 (densified disk)b ZnCr204 (DDCP) Ceram Physics
Q' a. the powder compressed into a disk at 1290°C/1 hr for CdCr04 (p = 4.4 g/cc)
N

and at 1650°C/1 hr for ZnCr,0, (p = 3.8 g/cc) (Section III).

Fm
[V
X

[

b. contains columbite
c.. CdCr,04 + 5% Nb,05 heated at 1320°C/1 hr (p = 5.3 g/cc) (Section III).
d. 2ZnCr,0y + 5% NbyO5 heated at 1350°C/1 hr (p = 4.87 g/cc) (Section III).

V.2. Experimental Results on Susceptibility (x)

V.2.a. x vs. T

Figure 5.1 shows the temperature dependence of x for the four samples
of CdCr,04, namely powder (P), powder disk (PD) and the densified disks (DDCP
and DDPS). The high temperature (T > 10 K) behavior of P and PD is very nearly
the same, as is also the case for DDCP and DDPS. However, the low temperature
behavior (shown in detail in the inset), reflecting the cooperative, magnetic
ordering, is different suggesting that sample preparation conditions do affect

the microscopic spin arrangement in every sample.
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Figure 5.1 Plots of susceptibility (x) vs. temperature (T) for the four samples

of CdCry04. The inset shows the low-temperature x vs. T behavior.

Figure 5.2 shows the x vs. T behavior for the various samples of ZnCr,0,.
It 1s clear that both the T { Ty and the T > Ty parts of the x vs. T plots are
different for different samples, All the samples except PD show a fairly well
defined peak at or immediately above Ty. The PD sample exhibits a very broad

peak, quite untypical of an antiferromagnetic-~paramagnetic phase transition,
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Figure 5.2. Plots of susceptibility (x) vs. temperature (T) for the four
samnples of ZnCr,04.

V.2.b Magnetic field dependence of x versus T

Figure 5.3 shows the field dependence of the x versus T behavior for
the CdCr,0, PD corresponding to the applied fields of 0.2 and 20 kG. The
dependence of x on the field is quite apparent as shown by the shift in Ty
towards higher temperature by ~0.5 K with an increase in the field from 0.2 to
20 kG; the change in the magnitude of x being up to 5 percent. The results of x

versus T for the powder CdCr,0, (P) are also shown on the same plot.
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Figure 5.3. ¥ versus T behavior for CdCr,0, (PD) in magnetic fields, of 0.2
and 20 kG. The behavior of CdCr,0, (P) at 0.2 kG is also showm.
\
The changes 1in the x versus T behavior of the ZnCr 0, pwwder are quite
dramatic as shown by the results in Figure 5.4 at the fields 0.2 and 10 kG. The

features which show up markedly at 0.2 kG get suppressed considerably at 10 kG.
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Figure 5.4, x versus T behavior for ZnCr,0, (P) in two fields of 0.2 and 10 kG.

Ve2.c x versus T in zero field cooling

Since the x vs. T behavior was fond to depend on the field, and in all
the measurements the samples were field-cooled, it was decided to cool the
samples in zero field for x measurements. Results of this experiment (Figure
5.5) on ZnCr,0, (PD) from 6 K to 20 K, exhibit the same behavior as that of
Figure 5.2 except that the x values for the zero-field-cooled samples are at

least 25% larger in magnitude. The first derivative of x w.r.t. T, which gives
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the Neel temperature, is however at the same temperature, 9.4 * 0.1 K (within
experimental accuracy), as in the field-cooled case.
] j I
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Figure 5.5. x versus T behavior for ZnCr,0, (PD) when the sample was cooled in
zero field. The curve peaking at 9.4 * 0.1 K shows the temperature

dependence of dx/dT.

V.2.d Magnetic field (H) dependence of magnetization (M)

To find if these systems exhibit any spin-flop transition, the
magnetization (M) was studied as a function £ H, up to 45 kG. Figure 5.6 shows
the M vs. H plot for a PD sample of CdCr,0,, the same sample as for Figure 5.3.

For this sample, a linear dependence of M on H is seen at 10 K (T > Ty) with no
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measurable intercept on the H = 0 axis. At T = 1.91 K, however, a small but
finite intercept was detected. This small value of the intercept was found to
be sample dependent, since another sample examined did not yield a measurable

intercept, as may be seen from Figure 5.7.

I I [

0.6 CdCr,0,(PD)

Wt. of the sample: 0.0927 g
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Figure 5.6. Typical M vs. H behavior for a powdered disk (PD) sample of CdCr,0,.

Similar results were obtained for a powdered disk (PD) sample of ZnCr,0,.

The results are shown below, Figure 5.7.
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Figure 5.7. M vs. H behavior of a powdered disk (PD) sample of ZnCr,0,.

V.3 EXPERIMENTAL EPR RESULTS

As the complement to the magnetic susceptibility data, EPR measurements

were made above liquid nitrogen temperatures for all the samples listed in Table

5.1. For some samples, the measurements were made both in the X-band (~9.5 x
109 Hz) and Q-band (33.5 x 109 Hz) regions to measure the spin dynamics.

The lineshape analysis of all the investigated samples shows the lines
nearer to a Lorentzian than a Gaussian, over the temperature range 80-400 X.
The lines are mainly exchange narrowed.

The EPR dependence of the peak-to-peak linewidth (ABpp) for the powder

samples of CdCr,0, and ZnCr,0, is shown in Fig. 5.8. This plot corresponds to
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the Q-band microwave frequencies and the values for ABpp agree with those
obtained using X-band frequencies. The data for other samples (PD, NDDPS, DDCP)
is plotted in Fig. 5.9. The linewidth increases smoothly with decrease in

temperature for all the samples except CdCr ;04 (DDCP) which showed a

DS ARALNGL R esss) (oY

some-sort-of discontinuity around 305 K. This was shown to be due to the

KA

b
ky presence of some Cr,03 which has an antiferromagnetic transition around 308 K.
w
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Figure 5.8 Dependence of the EPR peak—-to-peak linewidth (ABpp) as a function of

temperature (T) for the spinel powders.
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Figure 5.9 Dependence of the EPR linewldth AB,p as a function of teamperature
(T) for the CdCr,0, and ZnCr,0, samples.

V.4 ANALYSIS OF THE x-DATA

V.4.a Neel Temperature (Ty)

The Neel temperatures were obtained to within #0.1 K, as the temperatures
corresponding to peaks in the (dx/dT) vs. T plots, using the earlier discussed ¥
vs. T plots as the base data. Figures 5.10 and 5.11 show the (dx/dT) vs. T

plots for CdCr,0, and ZnCry0, respectively.
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Figure 5.10. Plots of dx/dT versus T for the four samples of CdCr,0,.

F
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« DOPS

ZnCr, O,

Figure 5.11. dx/dT versus T for ZnCr,0, samples.
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Figures 5.12 and 5.13 summarize the Neel temperature for different samples
of CdCr,0, and ZnCr,0,, including the available literature values (Friedberg and
Burk, 1955; Baltzer et al., 1966; Lotgering, 1966; Oles, 1970; Plumier, 1977).
It is not clear why the values of Ty obtained from our x measurements are always

lower by up to 2 K from those obtained via specific heat measurements.

Cd Cr204

LIIII'?K?
r— 7.9k"

E 6.5*00! K.
é g b
6.1%x0.1 K L §99 K

I 5.8 Kb

a, X vsT. Kahol & Datal
b.Cp . Lawless & coworkers

€. Phys Rev 151 367(1966)

———] 4.3 20.1 K

p—) 4.0t 0.1 'y

P PD DDPS DDCP

Figure 5.12. Schematic display of the Neel temperatures for CdCr,0, samples.
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Figure 5.13. Schematic display of the Neel temperatures for ZnCr;0, samples.

V.4.b Susceptibility behavior for T > Ty

Since CdCr,0, and ZnCr0, are known to undergo antiferromagnetic

orderings at Ty, the temperature dependence of x for T > Ty is expected to obey

the Curie-Weiss law

Caf
X = 7% T> TN (v.1)

where Ca¢ = Nu2/3k with N defined as the number of spins, u the effective

magnetic moment of the spins and k the Boltzmann constant. A plot of 1/x versus
T would thus be a straight line with its slope equal to 1/Caf and the intercept
equal to -8/c. Experimental results of 1/x versus T for the CdCr 0, sanples are

shown in Figure S.l14. -Linear behavior 1s indeed observed but only for T > 5 Ty,

TN ¥ Dy
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Figure 5.14. 1/x versus T for CdCry0, samples at T > Ty. f:
This result clearly implies the existence of short-range order between the spins ;i
-
h\.
for Ty < T < 5 Ty. The values of 6 and C,¢ thus obtained are listed in Table .
-.:_
F...
5020 ;\
Table 5.2. Values of the parameters Caf and 6 obtained by fitting the T >> Ty o
data of CdCry0, samples to the expression x = Cy¢/T-0 -
Caf lemu-K+g~!] e (¥) N
™ a
powder 1.2 x 1072 -83
powder [*] - -83
powder disk (PD) l.14 x 1072 -84 4
DDPS 1.10 x 1072 -80 ;
DDCP 0.81 x 1072 -60 )

(*] Baltzer et al., Phys. Rev. 151, 367 (1966).
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Figure 5.15. 1/x versus T for ZnCr,0, samples at T > Tn®

The data for the various samples of ZrCr,0, were also plotted as (1/y)

versus T (Figure 5.15) and yielded the parameters C,¢ and 8 as given in Table

5.3. An overwhelming presence of short-range spin order can clearly he seen

for all the samples.

Table 5.3. Values of the parameters Ca¢f and 8 obtained by fitting the high
temperature data of ZnCr;0y samples to the expression x = C,¢/T-8

Caf {emu-K-g~ 1] 8 [K]
powder 1.17 x 10-2 -3131
powder [*] - -392
powder disk (PD) 1.30 x 10~2 -396
DDPS 1.43 x 1072 ~-407
DDCP 1.26 x 1072 -389

[*] Baltzer et al., Phys. Rev. 151, 367 (1966).
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V.b4.c Susceptibility behavior below Ty

One reglon of particular interest below Ty 1s where ¥ increases with a
decrease in temperature, the Curle-like behavior. This 1is believed to be due to
the presence of "free"” paramagnetic Curie-like spins. Assuming that the
contribution to y from the antiferromagnetically-ordered spins is independent of
temperature in the range » < T < 0.5 Ty, the experimental data can be fitted to

the following expression

X = Xq * Cparal/T T < TN (v.2)

where x, = x (T + 0) and Cpara = Nu2/3k. A plot of x versus 1/T would thus
yleld Cpara and hence the number of paramagnetic spins. The plots of yx versus
1/T are given in Figures 5.16 and 5.17 for CdCr,0, and ZnCr,0, samples,
respectively. The values of Xy and Cpara, obtained from éhe slopes of these

plots, are collected in Tables 5.4 and 5.5.
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Figure 5.16. x versus 1/T for CdCr,0, samples.
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Figure 5.17. x versus 1/T for ZnCr,04 samples.

Table S5.4. Values of the parameters X, and Cpara obtained by fitting the low
temperature data of CdCr04 samples to the expression x = X, + Cpara/T-
CdchOQ Xo (emu'g~1) Cpara (emu'K‘g" 1)
powder 1.18 x 10~% 1.96 x 10~
PD 1.28 x 10™% 2.14 x 1076
DDPS 1.21 x 107" 2.86 x 1073
DDCP 0.92 x 107" 9.60 x 1075
Table 5.5. Values of the parameters X  and Cpary obtained by fitting the low
temperature data of ZnCr,0, samples to the expression x = Xq * Crapal/Te
ZnCr,0, Xo (emu-g~1) Cpara (emu*K+g™ 1)
powder 0.38 x 10~ 1.43 x 1076
PD 0.24 x 107" 2.50 x 1076
DDPS 0.32 x 107" 2.33 x 1075
pDCP 0.22 x 1074 1.92 x 10753
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V.4.d "Free” spin concentration

An important parameter deduced from the above analysis is the fraction
of the "Curie-like" or the “free"” spins, as given by the ratio Cpara/cpara + Ca¢-
Tables 5.6 and 5.7 list the fraction of the "free” spins in the various samples of
CdCr,04 and ZnCr;04 respectively. 1t is clear that the densified disks made by

Ceram Physics have the maximum number of "free” spins.

Table 5.6. Fraction of the "free” spins in varilous samples of CdCr 0,

Cpara/Cpara *+ Caf

PD 1.9 x 10~4
_’1“
- DDPS 2.6 x 10-3
0 DPCP 1.2 x 10-2
)

ol s

“ %

Table 5.7. Fraction of the "free” spins in various samples of ZnCr,0,

CP";/ (Cpask Caf)

PD 1.9 x 10-%4
DDPS 1.6 x 103
DDCP 1.5 x 10~3

V.5 ANALYSIS OF THE EPR DATA

Due to experimental difficulties in obtaining reliable data for

temperatures below ~80 K, we did not attempt to analyze the EPR linewidths
quantitatively using rigorous expressions. This must await a little longer when

we expect to obtain extensive lineshape data at liquid helium temperatures.
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Nevertheless, it is fairly clear from the magnitudes of the peak-to-peak

SN

't

linewidths (ABp,) for the CdCr,0, and ZnCr,0, <amples (Figures 5.8 and 5.9) that

v

the exchange na.rowing is 4-5 times more effective in ZnCr;0, than CdCr,0,

samples. This is essentially what is expected from the susceptibility analvsis

or oty

above Ty, since the values of the paramagnetic temperature 8 for ZnCr,0, and

..
»
P,
*e

CdCr,0, samples are ~390 and --80 K respectively. The value of J, the exchange

A

constant, which is directlv proportional to 39 is thus about 5 times larger i-
ZnCr,0, samples. The EPR resvults thus provide a direct support for the
essential correctness of the basic model for the temperature dependence of yx in

all these samples.
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V.6 DISCUSSION

In this section, we make a critical evaluation of the implications of the
x—data with regard to the extensive results of the specific heat and
magnetocaloric experiments. We focus our attention on two samples, PD and DDCP,

for which a complete set of measurements 1s available.

V.6.a Magnetocaloric vs. Magnetic Susceptibility Results

ATy, the reversible part of the magnetocaloric change in temperature,
has been found to go through a narrow negative range (implying magnetization
cooling) for both the PD and DDCP samples of CdCr,0, (Section IV). wWhilst the
magnitude of AT, i this range (magnetization cooling) is nearly the same for
the PD and DDCP samples, AT, is much larger for DDCP than for PD below Ty

(magnetization heating). Recall that magnetization heating results from the
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“free" spins whilst magnetization cooling from the "ordered” spins. The
presence of ~50 times more “free” spins in DDCP than in PD, as shown by the
susceptibility measurements (Table 5.3), Is in line with much larger AT, for
DDCP than PD. As for the magnetization cooling around Ty, we can speculate that
the "ordered” spins dominate the magnetization heating effects of the “free"
spins and give rise to negative AT,. Since the amount of magnetization cooling
is nearly the same in both PD and DDCP, one would expect the same concentration
of the "orderad” spi=ns for the two cases, provided the exchange coupling
coastant (J) among the ordered spins remains the same. That t)e exchange
coupling constants are not the same for PD and DDCP samples of CdCr,0, can be
seen from the different values of 6 (Table 5.2); note that J is related to 6 via
the expression |J| = 3kpB/22S(S+1) where z 1is the number of nearest neighbor
spins. TIf the dependence of ATy on J, T and the spin concentration of the
ordered spins were known, the ratio of the ordered spins at Ty in PD and DDCP
can be calculated. It seems, however, that AT, depends rather strongly on T
since the magnetocaloric cooling disappears rapidly as we go from Ty to lower
temperatures.

In the case of ZnCr;0,, AT, does not assume negative values {.e., it shows
only magnetization heating. This implies that here the free spins dominate the
ordered spins. Susceptibility results (Figure 5.2) especlally for PD, show
clearly that around Ty significant amount of short-range order (or lack of
long-range order) exists in these materials (see also Figure 5.13). This could
be the explanation for the absence of magnetization cooling effects.

In a recent report Lawless and Munson (Section IV) have derived, using
standard thermodynamic relationships, (dx/dT) plots from the temperature

dependence of AT,., The (dx/dT) behavior for the CdCr,0, samples as obtained
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.i from the AT, measurements is that dx/dT is negative at T << Ty, becomes

“;, positive around Ty, becomes negative for T > T,,, and that dx/dT is highly field
W dependent. For ZnCr,0,, on the other hand, dyx/dT alwavr ro-ains negative aad
shows a negative peak around Ty. These data may be compared with the dy/dT
values as obtained from direct measurements of y and shown in Flgures 5.10 and
5.11 for all the four samples (namely P, PD, DDCP and DDPS). As may be noted
from Figures 5.10 and 5.11, all the samples of ZnCr;0, do show a behavior
similar to that for CdCr,0, samples in contrast to the re«nlts from the
magnetocaloric measurements. We note, howev-or, that the suscéptibility “y)
measurements were made at 200 G whilst the magnetocaloric experiments were done
at much higher fields, which makes it difficult to make more definitive comments
since the susceptibility behavior has been found to change significantly for the

ZnCr;0, powder by going from 0.2 kG to L0 kG (Figure S.4).

V.6.b Specific Heat vs. x Data

We now compare the x results with those from the specific heat analysis
(Section IV). As shown in Figures 5.12 and 5.13, the Ty values from the
specific heat curves are always higher than those obtained from the yx data. For
a simple antiferromagnetic, it is known that the magneti: specific heat 1iIs given

by the Fisher relation (Fisher 1962).

. a(XT) 7
Cm = A—5% (v.3)

where A is expected to be a slowly varying function of T around Ty. Figures
5.18 and 5.19 show the temperature dependence of €, for Cdfr,0, and

ZnCr,0, (PD), respectively. 1Here A has been assumed to ho temperature
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independent and has been chosen arbitrarily. The C, versus (T/Ty) plots peak at

nearly the same T as in the (dx/dT) plots.

(i) the C.oye contribution to Cp is small up to Ty, (ii) the Schottky

(X}
(=]

~N
[~==)

Specific Heat [erg.g7'x']

—
(=]

I l 1 1 ]
CdCry0,(PD)

| | ! | |

Figure 5.18.
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Comparison of the specific heat Cp (continuous line curve) with
the magnetic specific heat Cyp (open squares) for CdCr,n, (PD) by
setting A = 20. Circles denote the same data (Cp) with a
different value of A and after renormalizing Cp and Cp at

(T/TN) = 0.8.
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; Figure 5.19. Comparison of the specific heat Cp (continuous curve) with the
) magnetic contribution Cy (open squares) for ZnCroNy,; the parameter
$ A was set to 10. Circles denote the same data (Cy) with a
: different A and after renormalizing Cp and Cy at (T/Ty) = 0.8.
inversely as the square of the temperature and is small around Ty and (iii) the
K Fisher relation remains valid for T/Ty = 1.0 * 0.2 for a simple antiferromagnet.
. We further assume that at (T/Ty) = 0.8, Cp = Cy. Choosing A = 17.64 instead of
the arbitrary number 20 and scaling the Cp data such that it peaks at (T/Ty) = |
ylelds data points shown by closed circles. Similarly for the ZnCr,0, PD,
i ~ choosing A = 5.47 instead of 10 and scaling the C, data the closed circles are

obtained. An observed significant disagreement for the ZnCr,0, sample than for

the CdCr,;04 sample, when compared with the Cp data, ind‘.ated that the spin
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ordering in ZnCr,0, samples are more complicated than for the CdCr,04 samples.
Recalling that the (1/x) versus T plots of Figure 5.15 indicated persistence of
short-range order up to T =~ 5 Ty, we deduce that this postulated complicated
spin ordering might be the explanation for the behaviors found in Figures 5.15
and 5.19. On the other hand, the CdCr,0, PD seems to behave In a much more
expected way as also reflected by the 1/x versus T plots of Figure S5.l4.
Lawless (Section IV) has analyzed the specific heat data by taki~s into

account the Debye (D), spin-wave (SW) and Schottky contributions. That is,

Cp = (m +mD)T3 + b/T? (V.4)

SW
or

CpT? = (m. . + mD)T5 + b (V.5)

SW

Thus a plot of CpT2 versus T° is expected to be a straight line, and is indeed
found to be so. Let us look at the Iimplications of this analysis in the light
of our susceptibility results.,

A Schottky type analysis of the Cp data for T > Ty (i.e. a linear plot of
CpT2 versus TY) yilelds b which is proportional to n, the density of the
paramagnetic spins. (MNote that the ordered spina behave like free paramagnetic
spins above T ~ Ty). The ratio of b's for the powder disk (PD) and the DDCP or
equivalently the ratio of n (PD) and n (DDCP) 1is found to be 1.29 for
CdCr,04 and 1.09 for ZnCr04 samples. These values are in excellent agreement
with our susceptibility data which independently yield the values 1.41 for
CdCr304 and 1.03 for ZnCro04 .

Schottky analysis of Cp for T < Ty does not, however, give results

consistent with the susceptibility results. In the model comprising of “"free”

and perfectly "ordered” spins, it 1s reasonable to assume that the free spins
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give rise to the Schottky term. With this assumptinon i~ is found that
n(PD)/n(DDCP) = 6.98 for CdCr,0, and 4.72 for 7nCr,0,. ‘lote that, this ratio
involves the numbers of "free" spins only, i.e., it excludes the "ordered” spins
specifically. From our susceptibility analysis we find n(PD)/n(DDCP) = .N22 for
CiCr,04 and 0.130 for ZnCr,04. The value from the Schottky analvsis 1s =320
times larger for CdCr,0, and =35 times larger for ZnCr,04. As shown hv our
susceptibility plots and also suggested by Lawless (Section IV), there mayv be a
large number of spins showing only short-range order instead of a long-range
order., The contribution of these spins at T < Ty might be one of the reasons

for the above discrepancy. To this end, we wish to note a few points:

(i) Low temperature Schottky analysis vields linear plots only above T = 3.3 K

for ZnCr,Q, PD, T = 2.2 K for ZnCryQ0y, DDCP, T = 1.7 K €for CdCr04 DDCP and T = 2

K for CdCr,0, PD. The coefficient b which depenis on n and 62 (§ = the

i

two—level spacing) must therefore involve fairly large 6 to account for the

deviations below the temperatures mentloned above.

(11) /T3 versus T plots at low temperatures yield a similar behavior for the
PD and the DDCP samples whilst the number of "free” spins in the DDCP samples is

much higher than in the PD samples.

(111) The Debye contribution is negligibly small for temperatures below Ty.
This can be seen from the ratio of the spin-wave densities as obtained
rigorously by Lawless (Section IV) and those obtained by just dividing the

(m

+ mD) coefficients as shown in Table 5.8.

SW




Table 5.8. Spin-wave Densities

ngw (PD)/ngy (DDCP) (mgyw + mplpp/(mgy + =pdppce

5.92 5.87
16.7 16,00

V.6.c Shift in Ty

As shown in Flgures 5.12 and 5.13, there 1s a clear shift in the value
of Ty as the powder is subject to different heat and stress treatments. To
understand this effect qualitatively we need to digress the follnwiny.

Anderson's theoretical considerations (Anderson, 1956) drew attention to
the role played by the next-nearc:t neighbor interactions {n the
antiferromagnetic ordering of the B ions. The B lattice {s built up from units
of four nearest neighbors situated on the corners of a tetrahedron, ani such a ¥
tetrahedron shares one B site with an adjacent B tetrahedron. For only the
nearest-neighbor interactions B-X-B, the ground state {s determined bv the
condition that the spins Iin each tetrahedron cancel., That {s, negative nearest
neighbor in a completely normal spinel does not lead to antiferromagnetic
long-range ordering since the ground state is largely degenerate due to the
frustration of the lattice. The interactiorn: between the B sites in different
tetrahedra (B-X-X-B) can, however, give long range ordering and the Neel
temperature will depend on these interactions in a complicated wav. Denoting
J and K as the strengths of the nearest and next-nearest interactions, the
magnetic propert’'ss can be accounted for approximately by the Helsenberg spin

hamiltonian of the form

2K L S{eS - o,
{x
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The number of nearest neighbors in a perfect spinel in 6 whilst that of next
nearest neighbors is 36; J and K 1in the above expression denote the average
strengths. One can nalculate Ty with this hamiltonian and study its dependence
on the parameter (K/J). It is to be noted that such a philosophy has already
been applied to spinels which exhibit ferromagnetic behavior (Baltzer et al.
1966). For ferromagnetic orderings, 1t was found that slight changes in the
parameter (K/J) can shift the Curie temperature bv a few depgrees. It should be
noted that, according to the Ohio State University group, many features of the
x— and Cp-data on these spinels can be accounted for by distorting the
tetrahedra of the spinels to remove frustration (Section IV).

In short, we believe that the value of Ty is a sensitive indicator of the

changes in the next-nearest nnighbor interactions.

V.6.d Field dependence of x

The magnetic field dependence of the specific heat and the magnetocalnric
heat changes seem to have becn established, although 1t has not been pursued
systematically. Similarly, the field depenlence of ¥, although noted, has not
been studied systematically. It is puzzling to find that the yx versus T
behavior depends on the field. For CdCr,0, PD, the magnetic field, ralses the
Neel temperature, contrary to expectation. We do not have any explanation for
these features right now and would like to investipate this aspect to bring
together the susceptibility, specific heat and magnetocaloric results. One of

the possibilities is that these compounds exhibit low-dimensional




antiferromagnetic behavior. However the low temperature (T < Ty) neutron or
X-ray diffraction studies and single crystal samples are needed to confirm this

conjecture which provides a new viewpoint for the unique properties of these

spinels.
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V1. THEORETICAL STUDIES OF THE SPINEL LATTICE : GINZBURG-LANDAU MODEL AND

MONTE CARLO COMPUTER SIMULAT. M3

A. Introduction

This section is devoted tc¢ the theoretical research on the spinel materi-
als under 1nvest.gation in this contract. In particular, calculations of the
specific heat, magnetic properties, and diel:ctric constant were carried out
using a variety of complementary calculational approaches, including a phe-
nomenological Ginzburg-Landau model, as well as first principles Monte Carlo
computer simulations.

In this section we present first an overall picture for the spin ordering
in the spinel lattices, then discuss the results of the Ginzburg-Landau
calculation of the magnetic ordering and its effect on the dielectric con-
stant, which enables us to expiain the striking dielectric anomaly reported 1in
section 1IV. Next we summarize the results of our extensive Monte Carlo
calculations on the undistorted cubi¢ phase of the spinels, and then present
our calculations on the tetragonal or distorted form of the spinel in which
the frustration has been reduced. Finally we describe how low temperature
paramagnetic tails may arise naturally from the composite structure of the
CdCry04 and ZnCr,0, materials. In each part we will discuss the connection

with the relevant experiments.

B. Spin Ordering i1n the Spinel Materials

Spinels are ferrite mater:ials with the generic formula AB,R, where R 15 a
group VI element (O, S, Se, or Te), while A and B are metal cations as shown
in Fig. 6-1. The particular spinels CdCroC4 and ZInCr_ 04 are high specific

heat spinels of present 1nteres , in which the R site elements <r form a 3-D

.. B P I S R TC I SN AL N .
AR L-"l_'. \'\."‘A.' ;.’._'J.:Lsf;_ r“’; SIS RN WA I IR SV G,

ALt b Ut S A A M el MR

. e '-
e A 0 I S s._s...l




VE VS VISRV PO T LY T UYL

¢ . —— 1
4 : l
! 3 .
(o — e
R J’ |
! )A'-—-i—l«‘ e~ = =4 - |—1
! I l I A°1 ) oo
! ‘ "ﬁ ' , /s !
Y A . S T
Lo / 1y ® - T/’l ‘
Lo i Vs ;. i
EmOa R
| - ?‘ ! | Y
AT S ! R D N
(e RS I !
! )_b;‘_";‘ 4 v_ _— - 1 _y
b Z
L ! /

Fig. 6-1. Spinel Lattice: B-sites Fig. 6-2. Magnetic B-sites 1n lattice
have magnetic Cr ions structure of spinel. Note
coupled by 02~ 1ons. chains in successive layers.

frustrated magnetic system. It has been found that there 1s a phase transi-
tion into an antiferromagnetic-like state at low temperature,

We start with a brief review of the salient features of the spin lattice
structure of the B-site frustrated spinel lattice as shown in Fig. 6-2. The
results obtained so far have suggested an attractive picture for the order:ng
phenomena 1in the B-site spinels, CdCr,0, and ZnCr;04. The results have shown
that at least two types of magnetic correlations are present, antiferromag-
netic and paramagnetic, and that frustration and the presence of strong
spin-lattice coupling play an i1mportant role in the anomalously large specific
heats and thermal conductivities (Patton).

In addition the transitions in these materfals were seen to have a pecu-
liar nature i1n which the spins orJder weakly in a lattice which has a high

degree of frustration. This has great :mportance for our understanding of
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these systems, since it means that large numbers of spins c¢an remain unordered

R

below the transition, resulting in anomalously large -perific heats, and

Shh

furthermore, that distortions of the lattice, which remove the frustration,
can couple strongly to the spins, thus leading to dielectric anomalies and
large thermal conductivities due to spin energy being transported through the
spin-phonon interaction.

More recently, the experimental work done unrder this current proposal has
revealed much about the properties of the B-site spinels, CdClcy04 and ZnCoj04.
In particular, the recent work includes 1) successful fabrication and struc-
tural characterization of various ceramic phases including powder, compressed,
and densified samples of CdCo,0, and ZnCop0O4, reported 1in section III, 2)
experimental work on the magnetization and susceptibility which reveal an
antiferromagnetic transition at Ty ~ 9-11K, section V, 3) experimental
research on the specific heat and magnetocaloric properties, section IV, and
4) experimental work on the dielectric anomaly at Ty, which reveals a novel
coupling of the spin and lattice, section IV.

The main experimental results we will focus on in connection with the
theoretical calculations are the following:

a. The fabrication experiments (III) give clear evidence that the spinel
powder of nominal grain size 10 microns combines with additional

mineralizers to produce a material having extra paramagnetic spins at

low temperatures, among other properties.

b. The susceptibility measurements (V) on the pure spinel powder reveal
little low temperature param. ‘netic Curie tail, while the grains
reactea with 107 columbite or 5% NbyOg reveal a low temperature
paramagnetic ta:l.

c. The magnetocaloric s~xperiments (IV) reveal no trace of hysterec:g,

implying the phenomen: involved 1n the low temperature transitions :n




:

the Zn and Cd spinels are second order in nature. The pattern of
adiabatic demagnetization cooling and heating at different temperatures
is indicative of antiferromagnetic ordering in the Cd samples, while

all samples show evidence of low temperature antiferromagnetic spin

waves.
d. Measurements (IV) have discovered a striking anomaly in the dielectric
£l
:j constant at the antiferromagnetic transition, which clearly shows that

the ordering of the frustrated spin szystem has a large effect an the
structure of the lattice. The dizl~ctric constant in large magnetac
' fields (Figs. 4-8) shows a clear shift in the transition for one sample.
e. Another sample, the CdCo,0, disk, did not have a sharp specific heat
maximum and had a strong magnetic field dependence to 3X/3T below Ty.

In connection with results a. and b. above, 1n section F of our report we
show that by allowing our clusters to have a finite surface area we also
develop (theoretical) low terrerature paramagnetic tails. ©Our calculations in
sections D and E show that the transitions have no hysteresis, and are charac-
terized by basically antiferromagnetic interactions as feund in ¢. We calcu-

late explicitly the dielectric anomaly of d. in section C and show that in

general 1t shifts slightly in a magnetic field. Finally, our calculations 1n

R

section D on the frustrated spinel material show that the transition as seen

in the specific heat 1s broad and relatively featureless, which may explaln
the sample of e, while our calculations in section E show that relaxing the
frustration via a tetragonal distortion that often occurs in the spinel system }
gives rise to an enormous specific heat =singularity as seen in three of the

samples.
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C. Ginzburg-Landau Model and Calculation of the Magnetization and Dielectric

Constant.

We start with a review of our phenomenolegical Ginzburg-Landau model which
enables us to interpret and relate the many experimental results on specific
heat, magnetic susceptibility and dielectric constant, and wiv ch hzs motivated
much of our other calculations. In particular, this approach enables us to

explain the very 1ntriguing dielectric anomalies at the magnetic transifion.

1. Direlectric Constant of Spinels

- In general, the spinels exhibit extraordinarily high dielectric constants
€ at and above room temperatures, but have rather weak temperature dependence
at low temperatures. In the present case, experimental results (section IV)
have revealed a large peak in the temperature dertvative of the dielectric
constant, de/dT, at the Néel temperature (see Fig. 4-8), which suggests a
coupling between the charges and the lattice.

We give first the simplest picture for the dielectric constant in an
insulator and explain why it can be affected by a magnetic transition, which
1s very unusual. The dielectric constant arises from the polarizaticen of the
medium via virtual transitions from a filled electronic state to an empty one.
Since the energy denominator in such a transition is of the order of the gap,
the dielectric constant will increase as the gap decreases, becoming i1nfinite
in the limit that the gap vanishes and a metallic state is reached. A simple
representation of the band structure of the spinel is shown in Fig. 6-2; the
filled valence band 1s separated by a gap at the zone boundary k = *m/a, from
the empty conduction band. The basic point is that any perturbation which
affects “he band structure will have an effect on the dieis:tric constant. The
expression for the dielectric constant 1n an insntlator may be written (Z.man,

1964)
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€(q,w) = 1 + € P
q K, G K+q+G "k

(6-1)

If we consider the static limit here, iw = Q, replace the energy denominator
with an average gap A, and utilize the oscillator strength sum rule, then Eq.

{6-1) takes the simple *rrm

2
[hw 1
€(g,0) = 1+ — 2

A

where wp is the plasma frequency. We may use the result (6-2) to understand
qualitatively what happens when the ordering of the spins couple to a distor-
tion of the 1lattice. Neutron scattering experiments (Olés, et al.,, 1979)
show a variety of patterns in the low temperature spin ordering of the B-site
spinels; however, a characteristic feature is a doubling of the unit cell from
a, to 2a, If the spins couple to the lattice then a periodic potential acts
on the electrons which i1nduces bandgaps at multiples of m/2a, as shown in Fis.

6-4. since the valence band 1n the insulator i1s completely filled and the

Ek
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|
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Fig. 6-3. Spinel band structure: Fig. %=« Joinel and shrucuure:

T > TN- T S

pl.' )

PP eeed!

“»

XN,

,...
Lt
DY

N e

4

'y

PR A ']
ate

.
LRI

1

Le

PP A

vf"{

> 2

l.‘.r '-.'\..'-‘ '\l "y %

¢ .

XA

e et ey
LA P
L @ s

..
(2
@ e

Ty
e

.
.
.

N %y s ‘l'l

PR AR

]
1

[



9y“ﬂwWvv1v1v1v71'7'FWK"VVF“"KWWV??T?FTHF‘FT,fVT?TY'F!YWVTYT?TF'VTT‘KV\‘ﬂﬂﬁﬂﬂﬂﬂﬁrﬂfﬂﬁffﬁfﬁﬂni\iﬂﬁﬂi\i*ﬁ'ff:"ffffy'yq

conduction band 1is empty, the gap induced at #*w/2a, has little effecy;
however, the effect at the original zone boundary *w/a, 1s to 1ncrrase the zap
already present., This clearly 1lowers the electroni: energy sincg o¢ccupied
states are lowered in energy, while unoccupied conduction states are raissd 1in
energy. Thus 1t 1s clear that the average gap A is increased. We may write A

in terms of a constant part Ay and a temperature-dependsnt part &(T)

A(T) = A + 6(T) (6-3)

where d&(TY., due to its coupline to the magnetic order parame*er, will have a !
temperature dependence below Ty as shown in Fig. 6-5. Taking the derivative of
Eq. (6-2) then gives the result shown in Fiq. 6-6 for 3e¢/0T. The experiments
on the dielectric constant therefore represent a very important probe of the
spin and structural ordering in the spinel materials and have been pursued on

all availlable samples.

: S 3
. T
»
.
{
T T Tw T
Fig. 6-5. Temperature dependence of Fig. 6-6. Temperature derivative
bandgap & arising from of dielectric constant
coupling to magnetic vs., tempe.ature,

ordering.
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2. Ginzburg-Landau Model of Spinels

In order to derive the proper Ginzburg-Landau descripticn of the cspinel
materials, we note that since the experimental susceptibility (section V) and
adiabatic demagnetization (section IV) are both characteristic of an antifer-
romagnetic system, the natural long range order parameter ¢f the system 1s thne
sublattice magnetization. Furthermore, with both magnetlic and electric fields
present, then the sublattice magnetization, the total magnetization, and tne2
polarization should all appear as relevant order parameters. We wrilte down 2
Ginzburg-Landau theory with a free energy containing couplings of these crisr
parameters and use 1t to analyze the system.

We start by expressing the free energy functional F in terms of the order
parameters L, M, P, which are the difference of sublattice magnetic moments,

the total magnetic moment, and the electric polarization, respectively:
F = FaelL] + Fpm[M] + Fq[P] + Fap[L,M] + Fagll, P) (6-4)

where
- 4
FaflL) = f dr [ alLl2 + biL]  + gzlel2 (6-5)

1s the energy associated with the sublattice magnetization and nexr the Neel

temperature Ty, a = ag(T-Ty)/ T
F z d M 2 ‘oM 6-6
pm M) = r | alM|® - i ( )

1S the magnetization energy including that associated with the external

magnetic field H with a > 0,
- 2
FqlP) - f dr [ AP - BT (6-7)

1s the dielectric pnlarization energy including the coupling to the externa:

elecir:ic field £, and {finally the coupling termsz,

AP RN Fo T e T S e e e '.-{
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Fag(LM) = J' dr GJL} M|

- 2
Fapll P = [ af [ mimi®ipi? ], (5-9)

Eq. (6-8) gives the coupling retween the magnetic order parameters L and M; we
have G > 0 since the antiferromagnetic and ferromagnetic states tend to
exclude each other. Iq. (5-9) describes the 1nteraction bhetween the latt:ica2
distortion involving charge displavement and the sublattice magnetization .
Both these ccuplings are required by 1) the behavior of the magnetic zuscept:-
bi1lity, and 2) the exp=erimental connection between the dielectric constant and
the magnetic phase transition.

The Egs. (6-4)-(6-9) have a rich structure even within the mean f:eld
theory approximation (MFT) in which fluctuatic:is are neglected. Since we are
concerned primarily with the equilibrium state of the system and the nature of
the phase transition, this gives a reasonable first approximation. Wwe include
fluctuation effects in the next section where we consider the experimental
data. In the MFT we have the following equations resulting from minimization

of the free energy F[L,M,P}, namely,

§F

sF
- I == I —=—— =z -1
M ~ 6L SP o (6-10)
thus
204 — H + ZGlLlZM = 0 (6-11
2 2 2
2al + 2bILI L + 2GIM}"L + 2IMPI'L = O (6-12)
2
2XP + 2IJLIP - E - 0 (H-12)
In the case G =T = 0, we may 1i1dentify the unrenormalized magnet: - and

dielectric susceptihilities, Xom 3nd Xges 2s




Xom = 55 H (5-14)

1
P:XOeE:’z—i

1
o
i
V-
[

Then from Eg. (6-13) we obtain the polarization as

Pz YE : E . eeR (6-1%)
2x+2I°|L)° 1+2M%ge lL1T
while from Eq. (6-11) the total magnet:ic moment 1s
_ ; H _ XomH f-17
M= yH - 5 = 5 (h-17)
20+ 2G| L| 142GX ol L1
The sublattice magnetization L is determined by Eg. (6-12), which gives L = 0
above the transition (a > 0), and the solution
2. 2 — 2
a+ bIL|I" + G¥pH)™ + TXeE)™ = 0 (6-18)
below the transition (a < 0). Eg. (6-18) is a2 non-linear expression in |Ll2
due to the dependence of Xy and Xe on |L|2 as i1ndicated in Egs. (6-16) and

(6~-17). Defining the dimensionless quantities: sublattice magnetization 1,
temperature t, electric field e, magnetic field h, and coupling coratants vy
and g
bIL| 2
12 2 221 -19)
aoTn (6-19
3 T-T
t 2 —s - —— 0, (6-20)
apTn Tn
2 byguE’
" =z —=2pe—- (€-21)
2
(aoTn)
2 bxmn}ilz
h™ = , {6-22)
2
(agTh)
y = .%EEQID (h-220
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b 1]
we may then rewrite Eq. (6-18) for L2 as
2 2 N
ve 73 * en >t 1+t = 0 (p=-295)
(1+2y1°) (1+2g17)°

Solving Eq. (6-25) vields the sublattice magnetization as a function of <he
temperature and fields L = L(T,H,E). We note that when y 1is not equal to 3,

Eq. (6-25) 1s a quintic equation for 12, namely,

2.2 2.2

’) “ -
2)‘(1+2g12)2 + ye2(1+2g1 YT o+ gh2(1+2y1 S -0 (6-26)

(12+t.)(1+2y1

The value of ILI2 obtained from the solution of Eq.(6-26) determines the

dielectric constant € and the magnetic susceptibility Xq, as follows,

€ = 1+4TXe (6-27)
where from Eq. (6-16),
- _,XQ.E_ —0g
Xe = 3 (6-28)
12" L] "Xoe
and
Yo - Xom (6-29)

2
1+2GILI “Xom

From the solution to Eq. (6-26) 1t 15 clear that as the magnetic field
increases at constant temperature, the value of L decreases. The field at

which L - 0 defines a critical magnetic field hg? = (-t-ye2)/g, or

2E2

2 al - s

HO - '__l__r_‘__X.Q.E___ {5-30)
GXom

at which the system 1s driven into a paramagnetic state ty the external

magne .i1c field, ite. a kind of spin-fi-n fransition.
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- As the electric field goes to zero, or 1f the coupling constant 7y 18 very
N
< small, the second term of Eq. (6-26) can be dropped. Then Eq. (&6-26) redcces
My to
\
N 2 2.2 2 "
(1 +t)(1+2g1 )" + gh” - 0 (7 2
The numerical solution of Eg. (6-31) '+ chown :» Fipg. £-7 and Fig. £-8 27 *wo

tem.eratures below the transition, t=-1/3 and t=-1/4; the normalized =sublat-
tice magnetization sgquared |L/Lo|7- 18 pictted versus the normalized magnetic
field squared (H/Ho)2 for wvarilous values of the antiferromagnetic-
ferromagnetic coupling constant g where Lo i1s the value of L at H:0 and H, 1s
given in Eq. (6-30).

It 1s 1nteresting *o note that for larger valiesof g the curves show
re-entrant behavior which suggests a d:scontinusus (first order) transition '~
those cases. We may determine the critical value ofg, g., at which re-
entrance appears as the value of g for which the =slope of !LI2 as a function
of H? first becomes infinite at Hy. Equivalently, we may use (€-31) to express

n? as a function of 12 and require

2
dhl ) = 0 (6-22)
dl2 1=0
with the result that b
1 3 '
gc = Q'T,' (0—33)

Thus the Uendency toward a first order transition i1n a field increases as the
temperature 1s lowered. Eq. (6-33) prodicts a Lammum value of g, of 1.4 at
zero temperature. On the other hand, near the transition Ty, t » 0, and

second order transition in field will always occur.
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Using Egs. (6-27), (6-28) and {r-31), we can plot AC/(l1-£0) s, (H,Hy« as -

-

shown 1n Figs. 6-9 through 6-12, for wvaryous fioed valuzs of the <emporature

and the coupling constants g and y. The same re-entrant behavior 1s found for ::
1]

y-
g values greater than g.. We also note that at and " "ve the critical field 4
vy
Hqy the dielectric constant anomaly s removed for all values of g and vy , 1.2 /s
A€ - Q. This occurs because above Hy the magnetic field has zupprezzed the :
sublattice magnetizat:on (L = (), and thus the nteractinon between th-= char;s :3
and the latt:ce, ylPlQ;le, has effectively been removed. o
To summarize this section, we have found a novel Ginzhurg-Landau free :T
energy which describes -nie unusual coupling between the dielactric constant :ﬁ3
and the antiferromagnetic transition in the B-site spinels, CdCrp0, and gf
ZnCro0,4. We next consider a detailed comparison of the theory with the recent -"'
experiments in section IV on the magnetic field dependence of the dielectr:- T
constant. R
3. Comparison with Dielectric Constant Measurements: Effects of Fluctuations "
-

In order to make detailed comparisons with the experiments it 1S necesszary .
..

to include the effects of fluctuations con the expression for the dielectric
constant. This 1s clear from the fact that the dielectric constant starts to .
decrease above the actual trans:ition, which occurs at the point of maximum .
.9

slope (see Fig. 4-1). .
The simplest approximation that includes fluctuations is the Hartres
approximation. Consider the free energy F S
.o
|"1

2 4 2. .2 e

F-aL +«+bL = (a+ bL")L (=34 N

In the Hartree approximation, th2 L™ term, which represents the interactions, ﬁ

L)
T . D 42 . o

1s evalu .ted urcing 1ts avorage value, namely, 2L<<bLe>.  Eq. (6-29) tn <

v'/

becomes s
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F:al®:j[a+b<L> L (6-

Cad
(W]

Self-consistency 18 1mposed by caiculating the average of L« by using

Lol

Eq. (6-395)

s

L-BF 2 SN

2 g
Ly (Tr L7y/4ir e Yy — (6-2¢)

Together with Eq. (£-2%) thiz gives
a - a + b/a (6=

Egq. (6-37) may be soiv~d explicitly for a. The requirement that the limit

a o~ a be achieved at t

3

mperature far above Ts; so that Lz approaches the

mean-field result 1mplies that the correct solution of Eqg. (9-37) 18

-

o S d + [—i + b]l/z (6-38)

The sublattice magnetization 18 thus

L2 - 2/(a+(a%+4p)/ % (6-39)

In the vicinity of the transiti.n temperature Ty, wheres the reduced

temperature t = (T-Ty)/Ty satisfies |t] « 1, the Ginzburg-Landau coefficient a

1S g1ven by

a - a t (&=-40)
0

Although Eq. (6-40) 1s accurate near Ty, 1t gives a non-vanishing derivative

for LZ at T : 0 which vinclates the second law. A be ter frrmula which
correctly interpolates between the high and low temperature limits 18

ca [((Ty/T)2-11/2 = . t/2) = . RS

a 10[( N/ T =11/ aotfh_/ ] aot i R

thus we have as a reslt, In zerd magnetic field

P o A Bl BIP

\
- A"

- -

a o




o - -
-

-

Pl’l&.‘

PGy, 4‘5"} Y

VSN NG

ey

D

L0500

Sl

¥HNHNHAN

'l..l.&.*. &%

4

) .' sI\'l.'

LNl S e

“ oy

®

2.2

r'S

a¥afata

s

LI g

-

PR

R Sl e T

2 2
1= 5 5 (6-42)

T + (r“)+ b)l/“

Rewriting the coupling constant y in (6-23) in terms of 7,
- =3 - . Y { e i
(Eo 1) (eo 1) [I“aO'I‘N/lmo] {53

and using Eqs. (6-42) and (6-43) with Egs. (6-27) and (£-22) ~ives our finad

expression for the dielectric constant

where 1n general €5 1n (6-44) depends on temperature also, Frem fi1tting the
experimental curve for CCN(9/1) 1n Fig. 4-3, we find €, = 13015 - 0.2 =,
Y1: 4.33'e“3, and b = 0.0CC. The thecretical express:ion from E3. (f-44) 18

plotted together with the data roints fr- experiment (from Fig. 4-1) 1n Fig.

6-13.
When the magnetic field 1s i1ncluded, provided tl.: 2ffect of slectric field
1s negligible, the sublattice magnetization 1s given by
2
2 2 cH
1 = - g ) (6-4%)

/2 4 8

T+(12+O.06)1 1 +

T+ (r2+0.06)1/2

where H 1s i1n unmits of Tesla. From fitting the curve (1n F:g. 4-5), g and
are determined to be g - 3.37+¢~3 and ¢ = 2.7 T. We note that the coupling
constant g 1s small enough that when the magnetic field increases from 0,61 T
to 15.16 T the change 1in € 1s about 0.1 out of 20. The f:eld dependence of
the dielectric constant from Egs. (b-44) and (6-49) 1s shoewn in Fig. 6-la.
The theory for the magnetic field dependence 15 also 1» gcod agreement w.th

the ex¥periments, 1ndicating that € :ncreases as the f:214 1n-ragses.
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- D. Monte Carlo Calcul.'.>ns

-'.

l

o 1. Inrroduction

"

Y

The results obtained 1n previous work on this contract az well as <he

')

Ginzburg-Landay theory of the previcuz s2ctisn have 211 supgges.ed a picture

; for the ordering transitions 1n the B-zite spinels, C3CTrsC,4 and IncCro0g,

:.‘, mnvolving two types of magnetic correlations, antiferromagnetic and naramag-

b >
netic. Frustration and the pr~-ence of strong spin-lat*ile coupling acpear t:2

v, play an 1mportant role in the anomalously largfe specific hieats and thermal

'_ conductivities. In addition the trans:%ions in ~°. :re ma*er:als seemed 2

- inszxlve weak spin ordz2ring tn a latt:ze which " 2s a n:gh degree ¢of frustra-

: tion. This means that large numbers of spins can remain unordered below the

.

: transition, resulting in anomalously 1large specific heats, and furthermore,

‘W)

-

e, that distortions of the lattice, which remove the frustrat:>n, can cauple
strongly to the spins, thus leading to dielectric anomalies and large thermal
conductavities due to spin energy being transperted through the spin-phonen
interaction. The most powerful way to examine these =2ffects 18 Lhrsugr ‘"onte

f-: Carlo simulations of the actual spin lattice. Before trea*ting the actual

N

N magnetic i1on lattice formed by the B-sites in spinels CdCrp0, and ZnZraOg4, we

N

~ describe the compu'ter techniques and obtain calibrationg for comparison pur-

::' poses on a simple cubic lattice Ising model spin system.

O 2. Monte Carlo Simulations

¢l - c

e, The HMente Carlo methed uses a computer to model the thermal behavior of a

Kd

%

o physical system by simulating the random mlCroscopic pr.cesses which give rise

to the thermal equilibrium state. The Monte Carlo methed and 1ts application:z

¢

j 1t varicus fields have Teon deccribed in detalrl (Fioder, 1979,15984). The

ot

ad basic wdea 12 to oarduse the System to g throuth oa vt Condoprints oan
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phase space, calculating equil

Many different sampling

clent one 1s called "impertance samnling”,

ing their importance :n the problem, e.g., according tn a Boltlxmann

Lbrium thermal

technigues m~v a2

tion 1n the canonical ensemble.

Choosing the Is:in2 model as an °:ample,

the following:

1. Start withh an 1nitial

state

magnetization M and energy U;

11, Select J'P spin to flip,

ca'culazte

N~AE/kpgT), where AE 1s the change

spin  flip;

111. Compare the probability
probabillity 1s larger than x,

1v. Repeat 11 and 111 for j from ! to N, where N 1s the

spins in the lattice, then cal~late E

v. Repeat 11, 111, and iv many times.

which are Just the equilibrium values.

There 18 some flexzibility

in the

selection

Calculate the

gquantities along the trajec

sed, The simplect and moot

the usual sampling proceiu

at temperature T, and calcula‘te

which chores random states accord-

the ™"transit:ion fprabability”

1N energy assocrated with

with a random number x (0<xsl). 1

flip the spin: otherwise do not

and U again;

of the starting point 1in

procedure. The initial state can be chosen as:

{a) an arbitrary stat

(b) an ordered state;

() the equilibrium state at a

censidered.,

The last one 1s used most often s:nce with 1t leads to egquilibrium faster,

The free energy F and entropy < may be obtained bv integration

following thermeodynamics

€,

rela

Y

ot

U RPN

the

the

total number

averages of M and

temperature close to tne Ltempera*ture
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The ex

pressions for S and F are providad in terms of integdrations either from

croegurvalently

.T and (F-S0 are often more convenient to uvse Lecause 1t

a
(o8
-
~
=<
oy

=

(

«

. . e 170
F{T, H) St H) [“w-“T (6-50)

1/%T )
(T,H) = S(x,H) + UITHIT - kg | U de ¥sT) (5-51)
0 ,

571

"
1z
o
tn
st

9
far
-

Hy= N¥3 Inf2s+1) (n=-22)

Trern FoTi; end S0TVH; can be ecoily computed from U(T,H).

M

~eav e
. ~
PO

SUr Idlcuwlation, the most relovant experimental quantities are the

TiC SUSRCeptilillty X. We can calculate C directly

aLant ey

LT ettt ol cataans, Bl 00-%ay o uanally gives a more reliable result
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The susceptibi’:iy can be defined in two different w- ", The differcnce

A A

susceptibility,

»

»

L5

X = M/H (e-2309

x

.'C“h} ’..

or the d:ifferential susceptibility,

L g
.\ .
o™
1
w0
ISs

X - (dM/dH)T

O rY

The latter is equivalent to

S

‘\

2

X = ugl<Mey - M>2)/kpT e-%7

~——

which 1s often more useful than (6-96) 1n practical applications.

In the usual procedure describ=d above for Monte Carle rampling, a com-
plete cycle T osteps (L), (111) and 1v) 18 cailled one Monte Carlo step per
spin. The number of MC steps per =7 .. needed s d~i~rmined by how fast tr=2
results converge. Good convergence r . juir2s that the difference between the
average quantity before and after on< step 1s much smaller than the quant:ity
.tself. Usually the number of MC steps needed ranges from 103 to 104 for
typicai spin sSystems.

In a Monte Carlo calculation, the systems used are obviously finite, with
the number of spins N usually r-nging from 103 to 109 Since a phase

transition can only occur in an inf:nite system, we can not, strictly speak-

ing, obtain any singular result from our calculation. With periodic boundary
conditions, when the correlation length g gets larger than the linear dimean- |
sion L of the system near the phase transition, the fluctuations become "over ‘
correlated” and the calculated results are rounded and smeared. These are
called finite-size effects, and may i1n fact be used to determine the range =%
correlations. For th:s reason, fin:te-si1ze scaling theory 18 an very ucsef'il

|
|
|
tool to 1nvestigate properties near a critical point (Binder, 1984). ‘
i
An important fact should be stressed here, namely, the " fference 1n *he !

|

1

{

.t a ™ -. .—. 1-. ---Ji» .".{ ~.." h.-J‘v .l-- -“ - -
- LR T A = . . " - h N - - . - -~ -
iRy SRR VA I DRUINE TS TP 0 D 5 DAY LAl




22" 5*s 2" » 75"\“.‘.’

PN ol

4

rt“-)[.

£

5 "‘. LA,

I

i 1 PR t'. 0

AN

)

ey
PElSS

o

v

|
L Tl ol Rt A

v (
Y X AR N

AT e

N

behavior of the order parameter obtained from a Monte Carlo calculation near a
first order phase transition frem that obtained near a higher order phase

transition. At a first order transition, due to the existence of metastable
states, the order parameter shows hysteretic behavior, while at a higher order
transition 1t does not, As shown 1n Fig. 6-15, this difference 1o olten used
to distinguish the first order transition from higher ord:: osnes ( Mouritsen,

1984).

-]
o

=
-—

a) First order transition, (b) Continuous transition.
dashed 1lines indicate
metastable states.

Fig. 6-15. Order parameter ¢ vs. temperature T

Compared to other methods, i‘onte Carlo simulations have two c¢bvious
advantages: first, the method may be used with aiiy system with a well defined
hamiltonian, and second, it 1s a non-perturbat:ve method which relies oan no
approximations of the underlying fundamental physical laws, an approach which

may bring about new and unex¥pected discoveries,
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3. Calculations on a simpl2 cubic Jattice

To make sure our programs are correc’,

lattice as a trial to calibrate our tecn

compared to previous work.
The lattice we used in the present case

(s = 1/2) spin array with pericdic boundary

ranging from 5x5x5 to 37x37x37 were 20 s=tdied. The calculat:ions were 4

over a range of temperature T = 0 to T = 20T, (4.0T. for U and M), where

T. = 4.51J and J 1s the ccinling constant b
these calculations, we utilized a modest 100
ature, which proved to be adequate for arppr
First, the energy and magnetization
average over all the configurations obtain:

temperature; the results are shown in

Fig. 6-16. Energy vs. temperatur~ o
for 10410%10 cubic ferrom:ne*

Ising spin lattice, B

o

we first worked on a simple cubic
nigques, since the r-2sults can be

was 2 10x10x10 ferromagnetic Ising

)
-
'

ronsg, although lattice site

ta

o]

ne

“ween nearest neighbor spins. Feor
MC steps per spin at each temper-
>ach to equilibrium in this case.

were evaluated directly from the

1 in the random procedure at each

et

. 6-16 and Fig. #-17, respectisaiy.
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As expected, the energy :1s equal 2 -20CQ0J (J times the total number of
nearest neighbor bonds) at low temperature, and approaches 22ro at tempera-
tures much above the transttion, indicating that the szpins are highily
decoupled from each other. Similarlyv, the magnetization c¢quals the teotal
number of spins at low temperature, showing that all the spins are ordered in
one direction, but 13 nearly zero at hig“ temperature, corresponding to a
completely disordered state.

From U and M at different temperatures, we computed the free energy an<a
entropy fr&m Eq. (%-50) and (6-51). They are shown 1n Fig. 6-18 and F:g.
6-19. We find a reasonable behavior for S, as well as F, frcm the results.
At low temperature, S equals kgln2 since the ground state 1s Z-fold degener-
ate. At high temperature, S equals Nkgln2 where N = 1000 1s tﬁe total number

of spins.

(on
t

“

rmmam3ned

.

[ oyl

Fig. %-18. Free energy vs. tempor- Mo C-19 INNUOpY VE. Lomperatur
ature for 10x1C0<10 cubie ferromae- for 10WICHID suavic ferromagnet
netic Ising spmin Coltice. Tvang spin lattire,

-
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To resolve the phase ‘ransitirn

LA

at Tg, the specifi: heat was calcu-

lated ¢ -=ctly from the derivativ:> of

M aa 9

b4
<

L

energy wilth respect to temperature.

The result 1s plotted 1n Fig. 6-20,

which :ndicates that C exhibits a

s bV

reak anomaly at T.. The divergence

of C 1s rounded by finite =size

L )

1

effects, as expected. A sm2ll shi

of the peak to lower temperature 1s

also seen 1n the results. ; :
To investigate the order of tran- 1 e "., )

. "‘," - s ,a" ’i
sition, we calculated U and M both L b ‘
upon heating up the lattice f:ym low
temperature and by cooling 1t down Fig. 6-20. Specific heat wvs. tem-

from high temperature. The results perature for 17x10x10 cubirc farro-

turned out to be 1identical, well magnetic Ising spin lattice, calc-

within the numerical uncertainty, for ulated using Eg. 6-52.

both directions, thus no hysteresis

was observed. This 1ndicates the

transition should be continuous instead of first order, a conclusion tiregady

v
)
.
)

known, of course, for the Ising model :n three dimensions.

LY

All the above results are consistent with previously published waork in th- [ ]

. S

ltterature 141213 Therefore we can conclude from cur trial calculat..: and )
analyses that the Monte Carlo meth { and our nregram a2 well caliiratesd o7 :
o

further studies on the magnetic spin2is, WhoSe nroper’ s can -2 oitoine! on .
analogy with the result*s repoerted here for ‘he simple T~ lattyee :
e

o
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E. Monte Carlo Calculations on Frustrat>d Spineis

V. Spinel Magnetic Lattice

As discussed 11n  previous sect:icons, the magnet:c 1ons on the 3-sites 1n
spinels CdCr;0,4 and ZnCr;04 form a frus’rated spin system. The st-ucture s
shown 1n Figs. 6-2 and 6-21. Since we “ro2 focusing hare on Just the mannet:c
properties, only the magneltlc atoms ar2 drawn. We c¢an owee {rom Faig, €-21 bzt
the whole lattice 1s built up of intercennected teirahedral units. Each s-.n
1s part of two adjacen®t units which means that for each tetrahedral un:it there
are two spins, with eight units in a prooative cell of the crystal.

We consider the basic loops compoxing the lattice triangular plagquat®es
which form the faces of the tetrahedral 'mnits. Around each of <these loops,
there 1s an odd number of antiferrom>Tnetic bonds which has the consetquence
that spin alternation around the loop can not be perfectly satisfied, as shown
in Fi1g. 6-22. Considering the Ising ¢23ze, at least one spin in the 1l2op 7.0
be flipped without changing the energy. This 1s called "frustratisan" in =;.n

systems (Toulouse, 1977). The spin which can be flipped freely correspnonds -

N
-

J - T

) .

+3 1t
4|‘
Fig. ¢ 21. Tetrahedral units 1in Sip.ow-l2 Trustrated orderiag

spinel magnetic . -ite lattice. aronnd traianaalar plaguetts of .
Note chains of =apins, st ooty terrahedsong, .

L -
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a (paramagnetic) defect, which represen” " an uncatasiced bond n trhe ground

state configuration. Disorder eXls*. 5, - . cremt s monce coma going cun o he
chosen up or down randomly. Similar cor - “at . ~ave been applied to the

spin glass phase, which has a number I =mizurl rnrenerties,  Thus we shnaid

23

not be surprised to find some peculiar »>-1lts 2rising z2lco frem the cacs»

R EXZAAA L. —ppX R LIFA

2

frustration i1n sninels.

1
-

»

We now describe the application of *h2 Mente Tario 7/ - adure rev:iswed an

the previous section to CdCr,0, and ZnCr.0,. As men*i1oned befor=s, w2 will ure

I

Monte Carlo simulations to investigate *neir magnetic properties. The lattice

forreed by magnetic atoms, shown in Fig. %-2 or 6-21, 18 frustro.2d due to

triangular plaquettes of the corner sh ring tetrahedra. We can also think of
the spin lattice as lavers of spins with parallel spin chains 111 each laver.
The Hémxltoman we will use is the Isir: model with nearest ne:ghbor antifer-
romagnetic interactions:

H:=J 2 £,+3, (6-58)
<1, 3>

where J » 0, <1,)> denotes nearest neighbors, and the spins S, and SJ take on

the values *1. We n e that the Ising rodel apzsars 2 bhe appropriaxte to the

CdCr;04 and ZnCry0,4 systems (rather ©2n th2 sotropic interactien of the
Heisenberg model, for example) based orn what i1s known of the nature of the
spin ordering (Oleé et al., 197¢).

The next section is devoted to the sronnd state preperties obtainad frem

WP o o ot ol R =

the Monte Carlo calculations. We note 1n advance that although some of these

results gave encouraging agreement with "I+ experiments of sections IV and V, i
they did not provide evidence of a -harp transition. This suggested that the .4
)

actual spinel composite mat*terials are 2bhle to ra2duc2 the frustration in some D
L|

.l

way, which will be discusced in the ne~*t npart, cactien F. K
.

3

1 )
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2. The Ground State

Since the system is frustrated, the bondz can not Lo 211 satisipsad
once. However, 1t 15 clear that *he lowest energy for & rindle tetrahedr: n
> can be achieved by setting the fcur spins on 1t as two un and twH down in i
different ways)., The ground stat2 [+r the whole lat*tice 1o {armed D osuttin:
many such tetrahed:a together. The lowest energy for a single totrahedron .7
Bz -2J. If there are a total o¢f ' spins, since o3:chr tetrahedrin Nl
49(1/2) = 2 spins, there will be N/2 teirahedra. Therefore wile ground ~*te

energy Ep is equal to

E = —— » (-2J) = -NJ -G

The ground state so constructed is non-periodic and very ua.scrdered.  [f
one looks at a single chain of spins running through the spinel lattic2, 1t
can have any pattern. Obviously the ground state degeneracy 18 very larie. A
lower bound can be obtained by setting all chains (in -y plane) in xn< -
parallel configurations, or in other words, satisfying all the bonds in the
X-y plane, then counting the two fold degeneracy of each chain. The number of

chains are (N/2)2/3, and each chain has 2 states, ylelding a lower bound of

2(N/2)2/3

e h LAY

The upper bound arises as follows, Divide all tetrahedra 1.:20 two sets

such that the tetrahedra in one set only connect to tetrahedra in the other

P
) e
PP Ay

set. Then the upper bound for the ground state degeneracy can be obtained rv

AR

3.

setting the spins on each tetrahedron in one set (which are mutually discen-
- nected) as two up and two down; the number of possibilities comes out to he

. “‘ * - + -
b“/‘*, which :3 an upior bound since the spin configurations on the “etrohedraz

[
[

in the eother set may or may nol be appropriate for the ground state.

1

2notes the ground ztate Jdegenoracy, we have
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These bounds on *he tepenerase yicold e follow »g Lot o0 cra garonn £Ti
entropy per spin . Zg 0 chpeinel /N
C.437 K
B ©CF I S Y
— 173 . S() ‘ IRV ST [N

A further approximate, but useful «stimate for D Tan ™2 Dt ol Lo Wit

2074 (Anderson, 195%):

N/2

D=x (2/2) , (H-{ 20
which 1mylies a ground state entropy ~er spin of
s = k -i-ln(3/‘2) = 0.203 k_. 16H-03
0 B2 B
In all the cases considered the zero temperature entropy has a2 finite vaius 28

a result of the frustration of the spin ordering. As we dis~iss 11 secticn *

below, a lattice transformation may reduce or eliminate the frustration an+

allow the entropy to go to zero at zero tv~mperature.

2. Monte Carlo Calculations of the Thermal and Magnetic Fropertiss o

b,
r
t

Frustrated Spinel Lattice

Using Monte Carlo simulations, the thermal and magne=ti1T properties né& *ha
system have leen calculated. Most ¢f our calculation.s were dene cn a3 latty-»
of Sx95x5 unit cells containing SxSx5xl6 = 2000 spint, with ;=2rati'n *imes

ranging from 2000 to 20000 MT steps.

Direct averaging over many random configurations vielts the magn=tilat. 'n

b -l

M(I) and ener:-y J(T) as functions ot temperatur~, M apn2ars to e zers
zero magnotic 21" ¢ver the ~vUols temporature oo, vt vt oTongrras oo

with the ant.farr - ~gne’ CAtUre c tha e T gn ey e e s T T

q
1
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the ground state 2ntreors o0 con be omme ately calhull2tod, wWalch

RN
oLV TS

Our Monte Carle agreement with the 2nlrony oot

from the estima*t2 o8 the groaund starts degeneracy, E1. (6-63).

One2 cf the mont czxfl and interszting propertic

can bLe obtained by differentiating U({7T; the - 2ult i3 zhown n Fig. ©6-2
low breoad maximum in < 1s found at T & 0.86J with Ty, 628, whire ¢ = T/

the specific heat per spin.

typically inv~lve maximum specific heats an ordar of magnitud

fon
(8%
—
fw
"1
m
o
[

this. For such a low a peak,

tion 1s actually pres2ant. A low spesific heat pez2x could also ococur i Lhe

first order, but near a gsecond order crii: 2! point

Fig. ©-23. Spevxfzv* n2at vs. temp- Fig. o0-24. Energy va., Uoamperatu
erature for SxSxSxls spin frus- for heating and cooling runs at
trated spinet lat_tzve at H - 0. [ - 0O, Mo hwetoaresre nbhrorved,

AR N by RPN o
"-." T- »\--\ 41.

-~ Mt .. 1. + - ot - e
1t appears unlikolr thiat a ozhavp ritage tran
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Normal (unfrustrated) zpin cordering transiti
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hysteresis would be expectesd, In Fiz. I-24, plats 8 777, fror, oo Lok

P g

and cecoling rns ire zshoewn, No hwsttrezis 1o obooro»! TRl oreyalrers ot

{:: transition, f there 13 one, *v bte second ardler or hishior.
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A Ancthet way of darcorpining the nlture of fhe tranc oo oo tTiont s Tt
calculat:ons 2 Lo ervam.m> e magnit de ofF the s i * . 2z
function ¢f the ciz2 o of the jattace, o umins fimite Tome ool
Whether the reak value Cm,, diverges dorends cn the oo 27 b2 cperniioc boone
critical exponen* @, but :n either -~ .ze Cma, shou’™ ! warp win L. Tne
dependence ¢f ¢ on size of the lattics wvar studies and s hown n rFig. ©-2%

The results 1ndica®e trat -Max 13 almest tha same for different =1te la77.
which alszo suggests that the transit:ynr 13 oY an ordir ry antifarromanneta:s

one.
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The temperature of the specifir .t moninmum should olso or0al

lattice site for a conventional 1ootririe Toang transitl o ID T clenerer

the temperaturs of the mazimum of o, the #.mendence of THalX en Sifferent
lattice c.7es was calculated and the results plotted 1n ¥z, %-26. Surpris-
ingly, we find good agreement with finite-~size zcaling theory “-r large I when

the 3-d Ising cohererce length exponent v = 063 1s uged, v estling a “onti-

nuous phase transition. It is interest:: - to rote that T.... *noreaces wytn L

unlike the case of the simple Ising magnet where 11 decrezgesz with o vie
speculate that this notable difference may arise frem the [: trated nature o

the spinel spin system.
fnother i1nteresting propertw, th» magnetic susceptitiliiy

field) -~ a function of temperature, 1s calculated frc... the fluct

X {1n zerc

ations in M.

The results are plotted 1n Fig. 6-27 and show a paL-zrn oimilar Lo that for a
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typical Ising antiferromagnet, increx”ins from O at 7 oz 0 U0 2 manimum 2 To,

but decreasing much mor=2 clowly for T &1 owe Ty, whirn mew Dooan ondicat.en 2
, local spin vordering at relat:vely high temro ~turs o 7o5ult geen in the

T

susceptibility experimenta reported i1n feclion V.

F
o

The gsusceptibility ¥ in finite field ' 13 caloulated for oo 00T o0

H - 2.0J and shewvn n Fog.o €28 and Foy £-29, resnect il Tre ralae 23 5

|
e

1
S

in these and following pl-ts depends or the wvalue of 7J,

I.

mined from the f£itting of the experimental walue ¢of 7. x 30 ¥V ot hin 1000 e

of the peaks 1n our cailculated specifi~

D

LA

this we find H = J = 1y = 2-10 T. Fig. ©-18 2lzo compares resnits for the *we

S N A U Y

993
(83
ba

susceptibilities M/H and dM/dH (the 1:tter aricing from i

M), They are nearly equal to each other over tha temparatur: range nvalved,
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-’ tetrahedra both with 2 up and 2 down smins. In this case, Lhe increase 1n the
."
) spin coupling energy, which s 4J f¢or “he two tetrahedr:. :8 lezs than LYhe
o decrease in the Zeeman energsy betweon '° and the spins. 11 large than 6.0J can
Fi
- flip a spin shared by two tetrahedra br*y with 3 up and 1 d2'n =rins (for K n
) the poesitive z direct:»n), as shown 1in Fig., 6-27 woversiis H, o which .2 the
": slope from Fig. €-31, 13 plotteg :n F 3. €-"3, Tr:» zm:1! neak at H - 4.07
“ vanishes when T - 2 because 1t 1s the ~ritical field to "Pin 1 2-in sharesd by
“: a tetrahedron with 2 up and 2 down »n? a tetrahedran wr14h 2 win oand 1 odown,
y These¢ two type of tetrahedra do not coe¢ist at T = Q.
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4, Discussion

From the specific heoat calsoula®:-c -, w2 do not find snr evidence I3 o
sharp transition. The spe:zific heat : o cshows a low maximum and a o2

decrease above Ty. The absence of a <. ansition i3 consistent with the early

conclusizn of Anderzan: ne lang range < °ler can eXist 1n the Z2-cite sninel :

only antiferromagnetic coupling hetween naoarest nergnbdors as nvolved tander-

son, 195€). The large value of the s=pec:fic heat above “Lhe peilk, on the o*ner

hand, implies considerable 1local ordszr, & result seen in zome of the *herm:l
and magneti:c measur2ments 1s sections IV and V.
To try to understand what kind of rrder g developinn »-> nnte thav thire

1$ one quantity which 1s the same throothert the ~prrgtal at 1oy ¢ -mperature:

namely, each tetrahedron has 2 up ans 2 down spins. That i22ans
fact, we may extract a kind of long ronzge ordering. ASsign x nimier o 2ach

tetrahedron as follows: 1f the 1D te-ranadral ha
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1ssocrate f, - 1 with 1f; otherwise ’o2t £, = -3/5 L2fine a "t2trancir.l”

order parameter F a

n

Zj
.
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where we have normalized the order paramet > by the number of tetrzhedra, N,2

At T = 0, each tetrahedron has 2 up and J Jown sping, so fy) = 1 feor 21l 1
N o
-~ So ~ie have
-~ - .
'lﬂ' I‘(T’-C) z 1 kb"*b‘r
iy,

2
p

As T goes to i1nfinmity, all micro states have the same probability 1o appear.
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I I Y

Thus the probability to obtain a tetrait»2dren with 2 up and 2 down versus that

.
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e

for all other type of tetrahedra :: . to 1(, ¢r equivalently, 3 to 5. Th:s

means we have
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FiT~7v = iy
which 1s the reason why £, wag o “ag =w -205 for 011 nin 2 oun/2 Zown
configurationsg, as discuszad above.

wWith the derfirmiti v eyvaon, T 1077 Tilia 5 cereama oo CoUhToamatar, o gting
to 1 at zero temperatur2 av ' vanishing at hish tomperatur» Toofind oout o wnat
F dces near tho temperatur: Tipaw WhRers She grocific o3t itooitnomaximum, we
calcula*ted 1% 1n the Mont> Carlsy oooowmlation, T oo ToFEnayyn oo T
6-34. The curve chows That F oincr ~Se monctormicaliny a7 “he foemrerators
decreases as expected for other ~rdar rarame*ers, DY o STrUIRINT wraperty i
the -xtremely =slow decay aheve ey S owell ooy eyl Imall value for

grar!~ Calculations of F in L2th h2at.ng an? fo0ling Hracorses 2120 sNows o
hystereses, which 18 consistent with whot happens” n ciarl-: calculaticns for
the energy U.

The long range orcering v~ intr2*aced adove 1o basodl oan nropertiac of
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small spin clucters, not on convention-»
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s not a typical type of magnetic ordering, as Jdiscussed bty Ancders.n, but tns

ordering does have the physical meaning 0f Deing assc~iated with the drap .o
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entropy from 2N for the totzally disordered --:
"ordered tetrahedra". We interprot t@13 rasult as eviden~e for strong 1.2
correlations in spin ordering over a l.rge rar e 1in ‘emperatures, whitn osre

difficult to classify as crdincry magnetizaticn, but apnoar 1insteyd more 1lixe

a spin glass type of freezing. We are not sure .f F .7 the b2zt o1 oniv

parameter at this moment; <nother Adefinition might chow a sharpesr phaose

- AR S e amm

transition. Furt! -r calcula 1ons of tho correlation fanghicng of " he +.°:

would be very i1lluminatine,
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5. Conclusion

Detailed Monte Carile calculatisn: on

‘ryuycoratel oninelz

extensive results, which show a lacik - i 4

complete frustration of Lle spin lat:ce, bui the prr7tlity of 2xtensiva
local order Cremparicen of the spocific hoat ~al-ulat> nd wit il o eEmaArimAn-
tal rezults, Tigs. 4-9 and 4-10, andilniis what the OO0 -0 pder iy 12N
goocd agreement witii our results for the frustrated latfioa whitie the CTN/D
and the two corresponding Zn camples appear to have 3. transitions. In
the next secticn we will see that 2 tetragonal d:ctertion 5 the lattice,
reported in ZnCry0,, but not CdCrp0y4, l2ads to 3 sharp fhnace tranrsition
Compar:ing the suszceptibility from our Ment> Carlo caiiuletizn with th2 ne

from experiments, Fig. 5-3, we can see the

each other except for paramagnetic talls in the data at

are especially pronsunced 1n the powder samnles. We will chow 1n nex*
that 1f we change the periodic boundary c¢:..o.iticn used T2 .0 1a72 an
crystal to free boundary ccnditions apyprepriate to 2 finite cifed

paramagnetic ta:l will appears in the -aiculated susceptibility.

sharp nhase LIonsiiys

results agree qualitatively with

low tempa2rature

which
geston
ni :
gra.n, &
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As mentioned 1n the 1la

n some, Su*t not all > o the Aty (P Toant o A=ln, s i e ToLe

—

tion. ©One 1s to introducge second neares’ neighbor anterasoons 0 e
to allow the lattite to undergo a crvs-al transformat »n woion redures

symmetry. Wwe do not corc:ider the first alternative 2t this T.me fecaurss

there 1s 1i1ttle solid i1nformation cn the rnature of the sect .1 n-are:ct neions

l.\

interactions other th:n they are at 1le

cates that Zn7ry04 ang many othsr spin ‘s ound-T o 3 1attios fras

to e achieved. The » mplest and pogsi. 'y mes* tmportant dictoarty. .

tetragonal one which makes the lattizs <onstan® < an - raction un2goll

a T oLoLn -y oplane. We concider tihas oo f distortion oot itoan ot
e d -~ 1 e N
ZnCro0y ez =toal, 1976). Thoere are two Wybderant carcag cormabl

Carlo calculations for both of there ¢y oo

For coenventence 1n the fallow.on:s Jiacussyons, 1ot T ranrocen
coupling <Constant bhetween nearest negp v orzoan oeach K-vorlane ang - reiw
sent the one Lotween roearest noyahiber. on Sdsarent olarns s oF o Frao

Trhe Hamiltonian can be written as
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the fully frustrated spinel do not 31ve i sharp transiytoon, w00 18 oo olvr:

rasically <wo ways to reduce the frustra on ard to have o orooerr onzie oo

o e
. - r R iy e 1 e e oy,
ar rrder ¢of magnitoads cmaller thoan

the nearest neighbor interactions, and » neutren sceoteriny evyo2nre anid:

below the magnetic transition temperatur . The fruscration in th2 syatem maw

b2 total’y or par® 'ly removed, allow: - trad..ary magne*:: lang range orisr

Ac <« 0O, and Ac > 0O, we find the ;vround atate nrovertyo b ooarree oot Mlonts
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wher:> «<1,)J> are nearest nelghbors .1 the came plane, -1,

neighboars 1n two adlacent planes.

2. The Ground States

between nearect neigh>ors in - 2ren

anti-rarallel alignment, as shown i1 .50 £-3%9. Because of coupling rotwe

chains 1n a fplane through chains . “he next plane2, rarallel s;ans

required in the whole plane. 50 the grocnd state configuration s ths & 107

ng: spins are parallel 1n the =zam- =~lane and ant:-para:iiz2l an al s
planes,
In this casge, one c.on easily ob’in the pround stute cnoeraw

counting the bondz, which gives

UIT=0) - 10 iaes

| S ‘o F S ) N e ’ o ceny
where Moot numley ‘ mnso O T R

> are nearvess
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state, except for an overall flip ofi i1 r-ur-, tha Irount mtaca dogernar

equals to 2, which means the ground ztz'2 :nic - =0 "o

SO = (kB'lf\/.‘: MRV Ty

The frustra*: n has been removed from "2 goreton tasyurs P Dvact oo LT
sp:n s uniquely determined if 1ts n»: crooaTa Ll X

In the Ac > 0 carce, one has J
the nearest nelghbors in each plans Do oo ioil-0 @00
parallsl =zmin chaing, as shown n it -0 Twotooanty-vor ol el cpainn el
each cther nn cne chain moave a nearezt n2yphnbar ~nn on o ansther 2hawn (Ln Lhoe

next plane) either up or dcwn. That owns thye 7hyas>» b 2 °n - chawn »whilnh

determ:nes wheiher the firct zpin on ooThain v ey o e mdenen laont
the state ¢f the other ~hainza, Thoevs —ve, wnh2 pJroan 'l oo > T on Sarzxt.n Lo

the ollowing: anti-parail

[V

21 orderoed Tan o chainr, parallel oo ootooron
the rsame plane and terpendicular to eich cther o siyacent olon-os, 7.5
mitually independent phases.

The ground state encrgy can ke 22 amas 1 o 5 way S:imylar S0 tne s e

case. It :1s easy to see that bonds ~ ipling different nlanes p.ve I0v mar
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still be el1ther un

tion now. The ground sctate entropy o

0

wown., RBut ontyw

= Kpe (InD)/N = V-

o Monte Carle Calculations

In our ralculations, we sat J,

Jl = J, \)'3 = G.9T for

to get a general

lattice; 1n fact,

the Ac > 0 case

indicatinn of what

the

shange 1n the

tetragonal distertion. In future sti

be investigited 1in

order to find the

The following calculations are aill 4
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SRELY SIS PO e Lo toTI DRIME T rancitiTn LenTera-
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Fig. o©o-4% we reproluce the lagta for Lo Tompolite Tnroo rample from
R w2 note that though our system 2y Navs Some Iririration in v, o ov
ground ztate does ncet have any Miro:? spins S1Th o=t 2 Ters internad
f121d. Since snpine on surface are oMo Lohhors, the lgcal flcld oty ozas
mav ovanisty unlike 1n the bulk Thus, w2 myant 2xr2st, o 2 frnstratadt contam,
scme fr2e spins Lo o surface of 3 smalil prawn

Th2 periodic boundarwy condition uaos .n D1y nerevious txlzuiantl
simulztzr oan mmfimite orvaetal with ne ~urTecs sroans i proIhanie i pevi-
icoToundary oo liniin to A froe Yoaan e conaAviuon, i Lo SO
surface to nterazt ~nly oyl ooping o U e ey esmniate 3 iyt o8 Tt
grain.  The resultaent W T 12 plotted in 3000-00, whot shovr o boaroiolly N
superposition of the x{T) we obtained proviouci Plul 2 ¢learl porvamiLnotis
tail. Car=ful analysis shows that the number of fre2 gpins depends on Now Lhe
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crystal 15 cut: 1f we cut the lattic? regularliy along
Toaran o on the csurface contrilutes 1,2

more 1rregular cut can 2llcw each totrahedron

"free" szrin. The magnmitude of the Curle tarl 'n oour ca'my

exactly ¢ the rumber cf "ire:" spineg we produce v -

usirn: & free boundary conditicen instead

get an additional paramagnetic tail 1n The magneltic susceptiiilirny for oll

"froee"  osoin, wolill
Torce L) oooentribut:
Tvratlovs Corrasion
3TANGACY Tondlt
s 5 LSRN { Rl
i prricdic a2,

cases previously calmyiatad, 1n both distorted oA undistortaed iatiicen,

5. Conclusions

The study of the teiragonally transfor:- 24 spinel *~itaicae

.

of further incsights. A sharp thermo! —amic t.oans:tion ¢

v

nex lead To a3 number

cours when the frus-

tration 1is reduced in the 1deal spinel Iattice; “'ie data snow that zamples of

both distorted and undistorted nature can anrparently ke

made, The mainot

properties are relatively insensitive (o the lottice digtortion, hut raher

v
(88
ho!

n
<

]

The grains inte a donser composite mat rial agpe - ta rod

eliminate 1the fres z71ns "« 't on the surface. A number <f intriguing oo

tions remain concerning the nature of the phase diagran

d zensitively an the surface cornditiocn of thie 3oined

distortion or proparties of the composite 1n which the #raing are a:nterad.
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trustration, rub tihore Aave major oloocrensnci 0 et e thie
magnetothermal shase diacrams, e ooooconbiiilar o, o el
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transitions in those sanipnels ——= Monte Jolo oot s o0
first—orcder =rarsitiorns o Loeanonad Do Smhdue st W oL 0 s

measurements inocicate bowolr—ordor brancitions. UL s s
for free spins at ti: lowest tomoopratares hae fooon foond, o
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